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EDITORIAL 


Malegapuru William 
Makgoba 
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the Republic of South 
Africa, Pretoria, South 
Africa. mmakgoba@ 
ohsc.org.za 


Black scientists matter 


he recent murder of George Floyd by police in 
the United States, the Black Lives Matter pro- 
tests around the world, and racial inequali- 
ties everywhere that have been exposed by 
the coronavirus disease 2019 (COVID-19) pan- 
demic—such as the disproportionately high vul- 
nerability and mortality in African-American, 
Afro-Caribbean, and Afro-Latin communities—are a 
wake-up call for humankind to recalibrate, restruc- 
ture, and reimagine its beliefs and behaviors. It’s im- 
portant to recognize that beneath overt racism are 
subtle forms of structural and institutionalized rac- 
ism that have existed for a very long time, unabated, 
across communities—in homes, hospitals, churches, 
schools, governments, and so many other institu- 
tions—throughout the Western world. 
Now, societies are being provoked to 
ponder fundamental questions about 
racism. What about the scientific 
world? Do Black scientists matter? 

My perspective is based on my expe- 
riences as a Black and African scientist 
in South Africa, the United Kingdom, 
and the United States, as well as in 
African nations through the African 
AIDS Vaccine Program. I’ve had the 
opportunity to interact with a range 
of Black African colleagues, from 
young African scientists to African 
scientific leaders in their fields or in 
their institutions. We often discussed 
our dreams, aspirations, and passions 
as well as work environments in the Western world 
where Black scientists (African or otherwise) are not 
well-represented or valued—where Black scientists 
have felt like aliens of the scientific enterprise. 

One problem in the Western world is that the sci- 
entific enterprise is in denial about its inherent rac- 
ism. Black scientists encounter discrimination when 
they embark on a science career in Western countries. 
The overwhelming message from their experiences 
is that the culture of academic science where Black 
scientists are underrepresented is riddled with deeply 
entrenched racism of various forms and subtleties. 
For example, although science is supposed to be ob- 
jective, many white scientists who are part of the en- 
terprise refuse to believe and acknowledge the racism 
and alienation that is articulated by Black scientists 
regarding their work and career. I have experienced, 
and have heard of, some white scientific leaders who 
feel that the problem is not the system, but how Black 


"black 
scientists 
have felt like 


aliens of the 
scientific 
enterprise.” 


scientists fail to adapt to and cope with the discipline, 
standards, and work ethic demands of the science 
establishment. White scientists may think that they 
know what racism is and that they can better explain 
to Black scientists the experiences that those Black 
individuals have endured. This dismissive attitude ig- 
nores the reality of discrimination and alienation ex- 
perienced by Black scientists. These realities include 
differences in the way young people are encouraged 
(or discouraged) to pursue scientific careers, the lack 
of role models, not having access to meaningful career 
guidance and mentorship, and not being plugged into 
influential career networks. Consequently, even the 
best and brightest can fail to be recognized and admit- 
ted into top scientific programs. 

Research and academic institutions, 
scholarly academies, and scientific pub- 
lications in the Western world all show 
a paucity of Black scientists in leader- 
ship positions, on editorial boards, and 
as authors. And although the Western 
scientific establishment has_ several 
recognition systems for meritorious 
scientific discoveries, rarely are Black 
scientists represented among the 
awardees. In fact, some young Black Af- 
rican scientists have told me that their 
research was credited to their superiors 
and even patented and sold without 
their involvement. Sadly, Black scien- 
tists who do not assimilate or conform, 
or who abandon their African or Carib- 
bean or Latin American identity altogether in exchange 
for the so-called superior white Western identity, can 
become intellectually and socially isolated. Identity 
changes and health crises can cause some Black scien- 
tists to suffer alienation even within Black communities 
in these Western nations. 

Racism in science has a long history throughout the 
world and manifests largely through systems of evalua- 
tion, recognition, funding, and promotion. The scientific 
community can postpone confronting this pernicious 
reality, but it cannot stop the train of change—it has left 
the station. For equality in the global scientific enter- 
prise to be addressed, meaningful change should start 
in the Western world’s scientific system, where a new 
environment must be created in which not only Black 
scientists but all scientists can thrive—one that values 
human dignity, equity, and social justice. 


—-Malegapuru William Makgoba 
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EDITORIAL 


A dangerous rush for vaccines 


he chasm between science and politics con- 
tinues to grow, with Russian President Putin 
announcing this week that a fast-tracked vac- 
cine for coronavirus disease 2019 (COVID-19) is 
ready for use, and President Trump indicating 
days earlier that a vaccine could be ready in 
the United States before the 3 November presi- 
dential election. There’s been a dangerous rush to get 
to the vaccine finish line first. In a race of “Sputnik” 
proportions (as Putin puts it), quick approval by regu- 
latory agencies is needed to “win.” This is dangerous 
thinking, driven by political goals and instant gratifi- 
cation: Shortcuts in testing for vaccine safety and ef- 
ficacy endanger millions of lives in the short term and 
will damage public confidence in vaccines and in sci- 
ence for a long time to come. 

The Russian vaccine remains 
shrouded in mystery—there is no 
published information about it, and 
what has been touted comes from 
the mouths of politicians. In the 
United States, the pressure applied 
to government scientists by the ad- 
ministration on any aspect of the 
pandemic is becoming increasingly 
palpable, as they have been criti- 
cized or quieted in plain sight by the 
administration and Trump. Anthony 
Fauci, the nation’s foremost leader 
on infectious diseases and a mem- 
ber of the White House Coronavirus 
Task Force, has been the most will- 
ing to state things clearly, but he has had to deal with 
muzzling and outright abuse from Trump and White 
House adviser Peter Navarro (not to mention shameful 
threats of violence against him and his family). 

The majority of epidemiologists worldwide who work 
on infectious diseases are firmly committed to random- 
ized controlled trials (“phase 3”) for all interventions, 
but especially for vaccines to be given to healthy people. 
This method allows comparison to a control group that 
receives a placebo. The phase 3 studies now under way 
on promising COVID-19 vaccine candidates involve ap- 
proximately 30,000 patients. A randomized controlled 
trial is particularly important for determining the ef- 
fectiveness of the vaccine, and the trial must continue 
until individuals in the control group become infected. 
It is impossible to predict how long that will take. Physi- 
cians who seek to advise healthy patients on taking the 
vaccine will rightfully require these data. 

The U.S. Food and Drug Administration (FDA) has 
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for vaccine safety 


and efficacy 
endanger millions 
of lives...” 


a Vaccines and Related Biological Products Advisory 
Committee to consult on the approval of vaccines and 
any associated emergency use authorizations. There 
are calls for assurances that there will not be any such 
authorization for COVID-19; the only emergency use 
authorization ever granted for a vaccine was for one 
against anthrax because of the purported threat of bio- 
logical warfare involving this agent. In any event, the 
scientific community in the United States must insist 
that approvals of an emergency use authorization or for 
a COVID-19 vaccine itself should be made in consulta- 
tion with the FDA’s Committee—and actions around the 
world should involve similar scientific oversight. 

Premature approval of a vaccine in the United States 
(or anywhere) could be a disastrous replay of the hy- 
droxychloroquine fiasco but with 
much higher stakes. Approval of a 
vaccine that is harmful or isn’t ef- 
fective could be leveraged by polit- 
ical forces that already propagate 
vaccine fears. 

So far, U.S. government scien- 
tists are holding strong. Francis 
Collins, director of the National 
Institutes of Health, emphatically 
called for phase 3 trials of vac- 
cines, and FDA director Stephen 
Hahn also has stated that he will 
follow the science. There’s a lot 
riding on Hahn, and as long as 
he holds firm with the science, 
the scientific community should 
support him. He made a mistake in granting an emer- 
gency use authorization for hydroxychloroquine but 
withdrew it once he saw the data—randomized clinical 
trials showing that the drug was useless against CO- 
VID-19. Now the other faces of the U.S. government’s 
science apparatus—Robert Redfield (director of the 
Centers for Disease Control and Prevention), Deborah 
Birx (response coordinator of the White House Coro- 
navirus Task Force), and Brett Giroir (assistant sec- 
retary for Health)—need to push all their chips onto 
the table in favor of a phase 3 randomized controlled 
trial on any COVID-19 vaccine. Despite their periodic 
squirming and equivocation, these leaders all deserve 
and need the nation’s support as long as they continue 
to respect the science on this issue. 

Countless lives are at stake—no compromises on 
the vaccine. 


-H. Holden Thorp 
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&& We have tried to make this work, but it is not working. 99 
Barbara Rimer, dean of public health at the University of 
North Carolina, Chapel Hill, as it moved to online-only instruction, just 1 week 
after in-person classes resumed, because campus COVID-19 cases surged. 


IN BRIEF Edited by Jeffrey Brainard 


Arecibo’s dish lost 250 of its 40,000 panels when a cable broke—less damage than this view suggests. 


ASTRONOMY 


Arecibo telescope damage assessed 


he iconic Arecibo radio telescope in Puerto Rico was damaged 

on 10 August when a snapped steel cable smashed into a receiver 

and tore a 30-meter gash in its 307-meter-wide dish. No one was 

injured during the early morning incident. The damage to the 

dish is not critical, but the broken cable has destabilized a plat- 

form holding receiver antennas high above the dish. Managers 
have halted observations for at least 2 weeks while investigations are 
carried out, and no cost estimate or restart schedule will be available 
before then, says Ramon Lugo of the University of Central Florida, 
which manages the observatory for the National Science Foundation. 
Engineers are examining what went wrong with the 23-year-old cable, 
whether a temporary replacement can be rigged up, and what damage 
was done to the antennas. Set in a depression in the hills, Arecibo was 
the world’s largest single dish for 5 decades until a Chinese telescope 
surpassed it in 2016 and is still widely used for astronomy, planetary 
science, and atmospheric research. 
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Africa halts wild poliovirus 


INFECTIOUS DISEASES | After a long fight, 
Africa has wiped out the wild poliovirus. 
The last case occurred 4 years ago, and on 
25 August, the independent Africa Regional 
Certification Commission, acting on behalf 
of the World Health Organization, is 
expected to officially declare the continent 
free of the wild virus. Africa came close 
before, going 2 years without a case until 
2016, when the wild virus appeared seem- 
ingly out of the blue in Borno state in 
northeastern Nigeria, where the militant 
group Boko Haram reigns, and paralyzed 
four children. Polioviruses derived from 
the oral polio vaccine continue to circulate 
and cause paralysis across Africa; wiping 
them out has proved extremely difficult. 
Pakistan and Afghanistan are now the last 
bastions of the wild virus. 


U.K. replaces health agency 


covip-19 | Facing criticism over its 
response to the COVID-19 pandemic, 

the U.K. government announced on 

18 August that it will replace England’s 
disease-control agency with a United 
Kingdom-wide one focused on infectious 
diseases. The move merges Public Health 
England (PHE) with England’s contact 
tracing program, NHS Test and Trace, and 
the U.K. Joint Biosecurity Centre, to create 
the new agency, the National Institute for 
Health Protection. Its interim leader will be 
businesswoman and Conservative parlia- 
mentarian Dido Harding, who had headed 
NHS Test and Trace. PHE’s work on obesity 
and other noncommunicable health condi- 
tions will be shifted to local authorities, but 
the government has not yet clarified how. 
Critics said the change was poorly conceived 
and questioned whether the new agency 

is set up to succeed, citing a need for close 
coordination with the National Health 
Service's hospital-based scientists. 


Redo for radiocarbon dates 


GEOCHRONOLOGY | The first update of 
carbon dating in nearly a decade, published 
last week, allows scientists to probe 5000 
years further into the past and revises the 
timing of big events in human history. 
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Living things incorporate radioactive 
carbon-14 from the environment, and the 
decay of this carbon after death provides a 
clock for dating specimens from the recent 
past. The update extends the technique’s 
use to about 55,000 years ago. The recali- 
brated timeline shows that Homo sapiens 
and Neanderthals overlapped in Europe for 
centuries longer than once thought. It also 
shows the volcanic eruption that devastated 
the island of Thera in Greece may have 
occurred as recently as 1544 B.C.E., in line 
with archaeological evidence. 


Mathematician’s sentence delayed 


CRIMINAL JUSTICE | Eva Lee, an applied 
mathematician at the Georgia Institute 

of Technology who admitted to making 

false statements related to a U.S. National 
Science Foundation (NSF) grant, won’t 
begin to serve her sentence until next spring 
so she can continue to build models to 

help control the COVID-19 pandemic. On 

12 August, U.S. District Court Judge Steve 
Jones rejected the government’s request 

for 8 months of immediate home confine- 
ment, saying the country “needs her” talents 
now. Instead, he ordered Lee confined 

for 2 months starting in April 2021 and said 
that schedule could be further modified. 

Lee pleaded guilty in December 2019 to mis- 
representing information to NSF in a report 
related to the $40,000 grant and then lying 
to federal agents investigating her actions. 
She told Jones she didn’t understand the 
reporting requirements and that her univer- 
sity withheld the necessary administrative 
support for her grant, which it has disputed. 


U.S. academies to study racism 


RACIAL JUSTICE | The National Academies 
of Sciences, Engineering, and Medicine 
(NASEM) is gearing up for an in-depth study 
of systemic racism in U.S. academic research. 
Representative Eddie Bernice Johnson 
(D-TX), who leads the science committee in 
the U.S. House of Representatives, has asked 
it to analyze “the extent to which the U.S. 
scientific enterprise perpetuates systemic 
inequities to the detriment of society as a 
whole, as well as how those inequities are 
manifested.” National Academy of Sciences 
President Marcia McNutt says such a study 
could set the table for needed changes in 
the same way that a 2018 NASEM report 

on sexual harassment catalyzed discussion 
and action. Structural racism in academia 

is “hindering our ability to deal with some 
of our biggest challenges, including the 
current COVID-19 pandemic,’ says Freeman 
Hrabowski, president of the University of 
Maryland, Baltimore County. 
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TRUMP TRACKER 


Trump environmental plans spark new controversies 


The White House this month announced it will move ahead with controversial changes 
to two major environmental policies, but suffered a legal setback on a third. 


Arctic drilling OK'd 

The U.S. Interior Department on 17 August announced it will move ahead with plans to 
sell leases to drill for oil in Alaska’s Arctic National Wildlife Refuge. The decision followed 
an environmental review that concluded drilling on much of the refuge’s 6300-square- 
kilometer coastal plain wouldn't endanger caribou or polar bears, or exacerbate climate 
change. Scientists have warned the effects of oil drilling could harm the animals, and 
environmental groups swiftly vowed legal challenges. 


Methane rule relaxed 

Several state governments and environmental groups are preparing court challenges 

to anew Trump administration rule, finalized last week, that gives oil and gas companies 
greater leeway to allow leaks of methane, a potent climate-warming gas, from their 
facilities. Critics say the rule has fatal flaws, including how it calculates costs and benefits, 
and many larger firms opposed the change, saying it would create uncertainty and 
discourage efficiency improvements. If Democrats win control of the Senate and the White 
House in January 2021, they could overturn this and other recent regulatory decisions. 


Bird protections upheld 

A federal judge on 11 August overturned an administration reinterpretation of the 1918 Migra- 
tory Bird Treaty Act that had helped companies avoid fines for inadvertently killing birds. “It is 
not only a sin to kill a mockingbird,” U.S. District Court Judge Valerie Caproni wrote in her deci- 
sion, quoting To kill a Mockingbird, “it is also a crime” under federal law. Conservationists had 
objected to the reinterpretation, because it meant businesses could not be fined for failing to 
protect birds from foreseeable fatal hazards, such as oil spills and uncovered oil waste pits. 


Aworker-aids apelican 
covered in-oil from the 2010 
Deepwater Horizon accident. 
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NEWS | IN DEPTH 


NUCLEAR POWER 


Critics question whether novel 
reactor is “walk-away safe’ 


Design approval nears for NuScale Power’s small modular 
reactors, but deployment plans slip 3 years 


By Adrian Cho 
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PASSIVE SAFETY? Normally, convection circulates water—laced with boron to tune the nuclear 
reaction—through the core of NuScale’s reactor (left). If the reactor overheats, it shuts down and valves 
release steam into the containment vessel, where it conducts heat to a surrounding pool and condenses 
(center). The water flows back into the core, keeping it safely submerged (right). But the condensed 
water can be low in boron, and reviewers worried it could cause the reactor to spring back to life. 
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ngineers at NuScale Power believe 
they can revive the moribund U.S. 
nuclear industry by thinking small. 
Spun out of Oregon State University 
in 2007, the company is striving to win 
approval from the U.S. Nuclear Regu- 
latory Commission (NRC) for the design of 
a new factory-built, modular fission reac- 
tor meant to be smaller, safer, and cheaper 
than the gigawatt behemoths operating 
today (Science, 22 February 2019, p. 806). 
But even as that 4-year process culminates, 
reviewers have unearthed design problems, 
including one that critics say undermines 
NuScale’s claim that in an emergency, its 
small modular reactor (SMR) would shut 
itself down without operator intervention. 

The issues are typical of the snags new reac- 
tor designs run into on the road to approval, 
says Michael Corradini, a nuclear engineer 
at the University of Wisconsin, Madison. “I 
don’t think these things are show-stoppers.” 
However, M. V. Ramana, a physicist who 
studies public policy at the University of 
British Columbia, Vancouver, and has been 
critical of NuScale, says the problems show 
the company has oversold the claim that its 
SMRs are “walk-away safe.” “They have given 
you the standard by which to evaluate them 
and they’e failing,” Ramana says. 

Even critics expect that next month NRC 
will issue a safety evaluation report approv- 
ing the NuScale design, which will be a 
major milestone, says José Reyes, NuScale’s 
co-founder and chief technology officer. 
“This is the document that says, “This de- 
sign is safe?” says Reyes, who hatched the 
idea for the reactor in 1999. NuScale will 
resolve the lingering technical issues before 
anything gets built, he says. 

However, NuScale’s likely first customer, 
Utah Associated Municipal Power Systems 
(UAMPS), has delayed plans to build a Nu- 
Scale plant, which would include a dozen 
of the reactors, at the Department of En- 
ergy’s (DOE’s) Idaho National Laboratory. 
The $6.1 billion plant would now be com- 
pleted by 2030, 3 years later than previ- 
ously planned, says UAMPS spokesperson 
LaVarr Webb. “UAMPS is still very commit- 
ted to the project,’ Webb says. “Our members 
really want to decarbonize their electric 
supply and replace coal.” The delay will give 
UAMPS more time to develop its applica- 
tion for an NRC license to build and operate 
the plant, Webb says. The deal depends on 
DOE contributing $1.4 billion to the cost of 
the plant, he adds. 

A nuclear reactor is essentially a boiler. In 
its core, uranium atoms split, releasing heat 
and neutrons, which split other uranium 
atoms in a chain reaction. Highly pressur- 
ized cooling water circulates through the 
core and carries heat to a steam generator, 
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where it boils water in a separate circuit to 
drive turbines and generate electricity. The 
cooling water also slows the speeding neu- 
trons, increasing the probability that they 
will split the uranium atoms. 

Expense and safety worries have stalled 
nuclear power despite increasing demand 
for carbon-free electricity. NuScale’s remedy 
is a radically new design. A conventional 
reactor relies on huge pumps and pipes to 
drive the cooling water through its core and 
ferry it to the steam generator. A NuScale 
reactor—which would be less than 25 me- 
ters high, hold about one-eighth as much 
fuel as a large power reactor, and gener- 
ate less than one-tenth as much electric 
power—would rely on natural convection 
to circulate the water (see diagram, p. 888). 

It is also designed to shut itself down in 
a pinch. Each reactor fits within a steel con- 
tainment vessel, which in turn sits in a pool 
of water holding up to a dozen modules. Or- 
dinarily, the space between the reactor and 
containment vessel remains evacuated, like 
the vacuum jacket in a thermos bottle. Should 
the core overheat or the reac- 
tor leak, relief valves would 
vent steam into the evacu- 
ated space, where it would 
conduct heat to the pool and 
condense into the bottom of 
the containment vessel. When 
enough water had accumu- 
lated, it would flow back into 
the reactor to keep the core 
safely submerged. NuScale 
is so confident in the design 
that it has asked NRC to allow its plants to 
run without the standard 32-kilometer-wide 
emergency planning zone. 

In March, however, a panel of independent 
experts found a potential flaw in that scheme. 
To help control the chain reaction, the reac- 
tor’s cooling water contains boron, which, un- 
like water, absorbs neutrons. But the steam 
leaves the boron behind, so the element will 
be missing from the water condensing in 
the reactor and containment vessel, NRC’s 
Advisory Committee on Reactor Safeguards 
(ACRS) noted. When the boron-poor water 
re-enters the core, it could conceivably re- 
vive the chain reaction and possibly melt 
the core, ACRS concluded in a report on its 
5-6 March meeting. 

NuScale modified its design to ensure that 
more boron would spread to the returning 
water. The small changes eliminated any 
potential problem, Reyes says. However, 
at a 21 July meeting, ACRS concluded that 
operators could still inadvertently drive 
deborated water into the core when trying 
to recover from an accident. “I’m not say- 
ing that this [scenario] is going to happen,” 
ACRS member Jose March-Leuba said, ac- 
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“If there really was 
a fatal flaw, 
ACRS would not 
have published 
a positive report.” 


cording to the meeting transcript. “I don’t 
see a calculation that proves it wrong.” 

Ultimately, whoever applies for a license 
to build and operate a NuScale plant— 
presumably UAMPS—must devise an op- 
erating procedure that ensures such a sce- 
nario never occurs. But NuScale should 
provide guidance, Vesna Dimitrijevi¢, a nu- 
clear engineer and ACRS member, argued 
at the meeting. The issue demonstrates how 
slippery a seemingly black-and-white tech- 
nical issue can be. “The applicant thinks 
there isn’t a problem here,’ Corradini says. 
“The ACRS isn’t so sure and want the staff 
and the applicant to think through the steps 
to make sure this isn’t a problem.” The NRC 
staff, which writes the safety evaluation re- 
port, thinks it can be dealt with in the oper- 
ating license, he adds. 

The issue pokes a hole in NuScale’s credi- 
bility, says Edwin Lyman, a physicist with the 
Union of Concerned Scientists. “This is a case 
of the public relations driving the science 
instead of the other way around,” he says. 
Sarah Fields, program director of the en- 
vironmental group Uranium 
Watch, says the safety ques- 
tions argue against NuScale’s 
request to operate without 
an emergency planning zone. 
“That’s a crazy thing to do for 
a reactor design that’s totally 
new and with which you have 
no operating experience.” 

Reyes says the company’s 
analysis justifies that request. 
NuScale’s studies show that 
under any credible scenario, the radiation at 
the plant periphery will not exceed NRC’s lim- 
its for the edge of the traditional emergency 
planning zone, he says. Permission to forgo 
the buffer zone could help NuScale market its 
plants where space is tight, he says. 

ACRS found a few other problems, in- 
cluding one with NuScale’s novel steam 
generator, which sits within the reactor ves- 
sel and could be prone to damaging vibra- 
tions. Still, on 29 July, ACRS recommended 
that NRC issue the safety evaluation report 
and certify NuScale’s design. “If there really 
was a fatal flaw, ACRS would not have pub- 
lished a positive report,” Reyes says. 

NRC plans to publish its safety evaluation 
report next month, and by year’s end it is ex- 
pected to issue draft “rules” that would es- 
sentially approve the design. But that won’t 
end the regulatory odyssey. The current de- 
sign specifies a reactor output of 50 mega- 
watts of electricity, whereas the UAMPS plan 
calls for 60 megawatts. The change requires 
a separate NRC approval, Reyes says, during 
which NuScale will resolve the outstand- 
ing technical issues. That additional 2-year 
review should start in 2022. 
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QUANTUM THEORY 


Paradox puts 
objectivity on 
shaky footing 


Quantum test of venerable 
thought experiment 
suggests facts are relative 


By George Musser 


early 60 years ago, Nobel Prize- 
winning physicist Eugene Wigner 
captured one of the many oddities of 
quantum mechanics in a thought ex- 
periment. He imagined a friend of his, 
sealed in a lab, measuring a particle 
such as an atom while Wigner stood out- 
side. Quantum mechanics famously allows 
particles to occupy many locations at once— 
a so-called superposition—but the friend’s 
observation “collapses” the particle to just 
one spot. Yet for Wigner, the superposition 
remains: The collapse occurs only when 
he makes a measurement sometime later. 
Worse, Wigner also sees the friend in a super- 
position. Their experiences directly conflict. 

Now, researchers in Australia and Taiwan 
offer perhaps the sharpest demonstration 
that Wigner’s paradox is real. In a study 
published this week in Nature Physics, they 
transform the thought experiment into a 
mathematical theorem that confirms the ir- 
reconcilable contradiction at the heart of the 
scenario. The team also tests the theorem 
with an experiment, using photons as prox- 
ies for the humans. Whereas Wigner believed 
resolving the paradox requires quantum me- 
chanics to break down for large systems such 
as human observers, some of the new study’s 
authors believe something just as fundamen- 
tal is on thin ice: objectivity. The puzzle could 
mean there is no such thing as an absolute 
fact, one that is as true for me as it is for you. 

“It’s a bit disconcerting,” says co-author 
Nora Tischler of Griffith University. “A mea- 
surement outcome is what science is based 
on. If somehow that’s not absolute, it’s hard 
to imagine.” 

Some physicists dismiss thought experi- 
ments like Wigner’s as interpretive navel 
gazing. But the study shows that the con- 
tradictions emerge in actual experiments, 
says Dustin Lazarovici, a physicist and phi- 
losopher at the University of Lausanne who 
was not part of the team. “The paper goes to 
great lengths to speak the language of those 
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who have tried to merely discuss founda- 
tional issues away and may thus compel at 
least some to face up to them,” he says. 

Wigner’s thought experiment has seen 
renewed attention in recent years. In 2015, 
Caslav Brukner of the University of Vienna 
tested the most intuitive way around the 
paradox: that the friend inside the lab has in 
fact seen the particle in one place or another, 
and Wigner just doesn’t know where it is yet. 
In the jargon of quantum theory, the friend’s 
result is a hidden variable. 

Brukner sought to rule out that conclusion 
in a thought experiment of his own, using a 
trick—based on quantum entanglement—to 
bring the hidden variable out into the open. 
He imagined setting up two friend-Wigner 
pairs and giving each a particle, entangled 
with its partner in such a way that their 
attributes, upon measurement, are corre- 
lated. Each friend measures the particle, 
each Wigner measures the friend measuring 
the particle, and the two Wigners compare 
notes. The process repeats. If the friends saw 
definite results—as you might suspect—the 
Wigners’ own findings would show only 
weak correlations. But instead they find a 
pattern of strong correlations. “You run into 
contradictions,” Brukner says. 

In 2018, Richard Healey, a philosopher of 
physics at the University of Arizona, pointed 
out a loophole in Brukner’s argument, which 
Tischler and her colleagues have now closed. 
In their new scenario they make four as- 
sumptions. One is that the results the friends 
obtain are real: They can be combined with 
other measurements to form a shared body 
of knowledge. The researchers also assume 
quantum mechanics is universal, as valid for 
observers as for particles; that the choices 
the observers make are free of peculiar bi- 
ases induced by a godlike superdeterminism; 
and that physics is local, so that one observ- 
er’s choices do not affect another’s results. 

Yet the analysis shows the contradictions 
of Wigner’s paradox persist. The team’s table- 


top experiment, in which it made pairs of en- 
tangled photons, also backs up the paradox. 
Optical elements steered each photon onto a 
path that depended on its polarization: the 
equivalent of the friends’ observations. The 
photon then entered a second set of elements 
and detectors that played the role of the 
Wigners. The team found, again, a mismatch 
between the observations of the friends and 
the Wigners. What is more, when they var- 
ied exactly how entangled the photons were, 
they found that the mismatch occurs for dif- 
ferent conditions than in Brukner’s scenario. 
“That shows that we really have something 
new here,” Tischler says. 

It also indicates that one of the four as- 
sumptions has to give. Few physicists be- 
lieve superdeterminism could be to blame. 
Locality is already under fire in quantum 
theory, but a failure in this case would imply 
an especially potent form of nonlocality. So 
some are questioning the tenet that observ- 
ers can pool their measurements empiri- 
cally. “It could be that there are facts for one 
observer, and facts for another; they need 
not mesh,” says study co-author and Griffith 
physicist Howard Wiseman. It is a radical 
relativism, still jarring to many. “From a 
classical perspective, what everyone sees is 
considered objective, independent of what 
anyone else sees,” says Olimpia Lombardi, a 
philosopher of physics at the University of 
Buenos Aires. 

And then there is Wigner’s verdict: that 
quantum mechanics itself breaks down. Of 
all the assumptions, it is the most testable, 
by efforts to probe quantum mechanics on 
ever larger scales. But the one position that 
doesn’t survive the analysis is having no po- 
sition, says Eric Cavalcanti, a co-author at 
Griffith. “Most physicists, they think: “That’s 
just philosophical mumbo-jumbo.” Now, he 
says, “They will have a hard time.” & 


George Musser is a journalist based in New Jersey 
and author of Spooky Action at a Distance. 


When observers observe observers, a quantum paradox persists, suggesting measurements are relative. 
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COVID-19 


Coronavirus 
creates a 

flu season 
guessing game 


SARS-CoV-2’s interactions 
with other pathogens remain 
unknown as winter looms 


By Kelly Servick 


n March, as the Southern Hemisphere 

braced for winter flu season while fight- 

ing COVID-19, epidemiologist Cheryl 

Cohen and colleagues at South Africa’s 

National Institute for Communicable 

Diseases (NICD) set up a plan to learn 
from the double whammy. They hoped to 
study interactions between seasonal respira- 
tory viruses and SARS-CoV-2, which causes 
COVID-19. Does infection with one change a 
person’s risk of catching the other? How do 
people fare when they have both? 

But the flu season—and the answers— 
never came. NICD’s Centre for Respiratory 
Disease and Meningitis, which Cohen leads, 
has logged only a single flu case since the 
end of March. In previous years, the coun- 
try’s surveillance platforms, which capture 
a sampling of flu cases from doctors offices, 
hospitals, and clinics, have documented, on 
average, about 700 cases during that period, 
Cohen says. “We’ve been doing flu surveil- 
lance since 1984, and it’s unprecedented.” 

Some cases probably got overlooked as 
clinics temporarily closed and people with 
mild symptoms avoided medical care, Cohen 
says. “But I don’t believe it possible that we’ve 
entirely missed the flu season with all of our 
[surveillance] programs.” Apparently, travel 
restrictions, school closures, social distanc- 
ing, and mask wearing have all but stopped 
flu from spreading in South Africa. Similar 
stories have emerged from Australia, New 
Zealand, and parts of South America. 

The Northern Hemisphere hopes to be so 
lucky. Few cases in the south might mean 
little infection spreading north, says Pasi 
Penttinen, head of the influenza and re- 
spiratory illness program at the European 
Centre for Disease Prevention and Control 


Science's COVID-19 reporting is supported by the 
Pulitzer Center and the Heising-Simons Foundation. 
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(ECDC). But if lockdowns and social dis- 
tancing measures aren’t in place in October, 
November, and December, flu will spread 
much more readily than it has in the south, 
warns virologist John McCauley, director 
of the Worldwide Influenza Centre at the 
Francis Crick Institute. 

The prospect of a flu season during the 
coronavirus pandemic is chilling to health 
experts. Hospitals and clinics already under 
strain dread a pileup of new respiratory in- 
fections, including influenza and _ respira- 
tory syncytial virus (RSV), 


pathogen, most often rhinoviruses and 
enteroviruses that cause cold symptoms, as 
well as RSV. Only one of the patients had 
influenza, although there likely wasn’t much 
flu circulating so late in the season, says 
Stanford pathologist Benjamin Pinsky, a co- 
author. The study didn’t find a difference in 
outcomes between COVID-19 patients with 
and without other infections. But it was too 

small to draw broad conclusions. 
To make things more complicated, hav- 
ing one virus can change a person’s chance 
of getting infected with an- 


another seasonal pathogen 
that can cause serious ill- 
ness in young children and 
the elderly. In the United 
States, where some areas 
already face long waits for 
COVID-19 test results, the 


The flu season 


that wasn’t 

COVID-19 control measures 
dramatically reduced transmission 
of flu in many Southern Hemisphere 
countries (documented cases, 


other. Epidemiologist Sema 
Nickbakhsh and her team 
at the University of Glasgow 
have studied interactions 
between different pairs of 
respiratory viruses, adjust- 
ing for confounding fac- 


delays could grow as flu 
symptoms boost demand. 


April through mid-August). 


tors that would cause two 
viruses to show up concur- 


“The need to try torule out COUNTRY 2018 = 2019 = 2020 ~—Ss rently or at separate times, 

SARS-CoV-2 will be intense,” — Argentina 1517 4623 53 such as tendencies to wax 

says Marc Lipsitch of the ; and wane with the seasons. 
Chil 2439 5007 12 

Harvard T.H. Chan School Ss : Coinfections with flu and 

of Public Health. Australia 925 9933 33 other respiratory viruses 

Because flu has largely  SouthAfrica 711 1094 6 are relatively rare, Nick- 


spared the Southern Hemi- 

sphere, researchers have little evidence 
about how COVID-19 might influence the 
course of a flu outbreak. One big concern is 
coinfection—people getting COVID-19 and 
flu at once, says Ian Barr, deputy director 
of the World Health Organization Collabo- 
rating Centre for Reference and Research 
on Influenza in Melbourne, Australia. “Two 
or three viruses infecting you are normally 
worse than one,” he says. 

But the consequences of coinfections 
with SARS-CoV-2 haven’t been thoroughly 
studied. In April, a team at Stanford Uni- 
versity found that among 116 people in 
Northern California who tested positive for 
the coronavirus in March, 24 also tested 
positive for at least one other respiratory 
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bakhsh says, and the inter- 
actions her group has documented suggest 
some protective effects. For example, being 
infected with influenza A seemed to reduce 
the chance of also having a rhinovirus, the 
researchers reported in 2019. (The mecha- 
nism behind this effect isn’t yet clear.) 
Nickbakhsh is more concerned about 
RSV, which her team found to have positive 
interactions with CoV-OC43, a coronavirus 
species of the same genus as SARS-CoV-2. 
It’s possible, she says, that having COVID-19 
could increase a person’s susceptibility to 
RSV, or vice versa. Pinning down inter- 
actions between COVID-19 and other infec- 
tions requires a large number of patient 
samples tested for SARS-CoV-2 and other 
respiratory viruses. Rapid, dual diagnostic 
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Australia stepped up flu vaccination efforts 
to reduce strain on hospitals during its winter. 


tests will be important for both research 
and treatment decisions, says Benjamin 
Singer, a pulmonary and critical care phy- 
sician at Northwestern University. The U.S. 
Food and Drug Administration has issued 
emergency use authorizations for three flu- 
COVID-19 combination tests, developed by 
two companies and the U.S. Centers for Dis- 
ease Control and Prevention (CDC). 

Meanwhile, health authorities preparing 
for the Northern Hemisphere winter are hop- 
ing flu vaccines can help keep hospital admis- 
sions down as health systems grapple with 
the pandemic. Flu vaccine manufacturers 
including GlaxoSmithKline and AstraZeneca 
have announced production increases for 
the 2020-21 season. CDC expects to have a 
record-setting 194 million to 198 million 
doses—a 20 million-dose increase from last 
year. Last month, the United Kingdom’s Na- 
tional Health Service announced it would ex- 
pand the age groups eligible for a free flu shot 
among both children and adults. 

But what if the flu season is minor? Pour- 
ing resources into an immunization cam- 
paign necessarily subtracts from COVID-19 
responses, says Penttinen, whose team pro- 
vides guidance to European member states 
on flu vaccination. Still, rates of vaccination 
have long been “suboptimal” in Europe, he 
adds. (Rates among older adults—the tar- 
get population for the flu vaccine in many 
countries—range from 2% to 72.8%, de- 
pending on the country, according to the 
most recent ECDC data, released in 2018.) “I 
think the tendency is to say, ‘We should err 
on the side of caution—putting efforts into 
at least maintaining if not increasing the 
influenza vaccine coverage,” Penttinen says. 

The dearth of flu in the Southern Hemi- 
sphere could complicate efforts to develop its 
next influenza vaccine. Less circulating influ- 
enza virus means fewer clues about which ge- 
netic variants are most prevalent and likely 
to contribute to a new season. The current 
record-low season creates a genetic bottle- 
neck, McCauley says, and the flu variants that 
survive “will be presumably the fittest ones.” 
It’s not clear what variants will dominate 
when flu, inevitably, rears its head again. 

Barr and McCauley, whose institutions 
are two of the six that collect and analyze 
flu samples to decide the composition of the 
annual vaccine, say they’ve received fewer 
patient samples than in previous years. In- 
sufficient data could lead to a less effective 
vaccine for the Southern Hemisphere in 2021. 
The contents of that cocktail must be decided 
by the end of September. “It’s a little un- 
settling,’ Barr says, “but we'll do the best we 
can with the viruses that we have.” & 
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GLOBAL HEALTH 


Pandemic’s fallout on malaria 
control appears limited so far 


Countries avert disaster by resuming bed net campaigns 


By Leslie Roberts 


ack in March when COVID-19 hit, 

Pedro Alonso became alarmed about a 

different infectious disease. “I thought 

I would be witnessing the biggest ma- 

laria disaster in 20 years,” says Alonso, 

a malaria scientist at the World Health 
Organization (WHO). African countries went 
on lockdown to curtail COVID-19; worried 
about mass gatherings, they suspended cam- 
paigns to distribute mosquito-fighting bed 
nets. Fears abounded that with clinics over- 
whelmed by COVID-19, patients would be 
unable to get treatment for malaria, which 
kills an estimated 405,000 per year, mostly 
African children. In the worst case scenario, 
models projected, malaria deaths could more 
than double this year. 

“Tt does not seem to be happening,” Alonso 
says. Lobbied hard by WHO’s Global Malaria 
Programme (GMP), which he heads, and its 
partners, countries resumed bed net cam- 
paigns. Rapid diagnostic tests and effective 
malaria drugs remain available. The situa- 
tion could still go south as the COVID-19 epi- 
demic accelerates, but for now, Alonso says, 
“We probably stopped the first big blow.” 

In March, WHO recommended that coun- 
tries halt mass vaccination campaigns for 
measles and other diseases, fearing they 
might spread COVID-19 (Science, 10 April, 
p. 116). Like other health agencies, the Af- 
rica Centres for Disease Control and Pre- 
vention advised people to stay home unless 
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they were very, very sick, Alonso says. But a 
broad lockdown would be “a bullet straight 
to the heart of the malaria program,” he 
says. “For the past 40 years we have been 
saying that malaria can kill within hours. If 
a child has fever ... go straight to the clinic.” 

By 25 March, WHO had issued guidance 
telling countries they should proceed with 
malaria prevention and treatment—and 
could do so safely. “WHO was very effective 
in getting the message out,’ says Thomas 
Churcher of Imperial College London (ICL), 
who published an alarming model about 
the effects of scaling back malaria interven- 
tions in Nature Medicine on 7 August. 

The distribution of insecticide-treated 
bed nets was GMP’s first concern. Malaria 
deaths plunged from an estimated 839,000 
in 2000 to 405,000 in 2018 largely thanks 
to the massive net rollout across Africa. But 
bed nets need to be replaced every 3 years, 
as the insecticide wears off and nets tear. 
Twenty-six African countries had scheduled 
mass distribution campaigns this year—but 
in March, many were wary of proceeding. 

Benin was the most urgent priority. It had 
already completed the first phase of its cam- 
paign, distributing vouchers door to door that 
families could use to pick up their bed nets 
from a central point 1 month later. But the 
government had canceled the second phase. 
The concern was that people, worried about 
supplies, would rush to distribution centers 
to pick up their nets, says Marcy Erskine of 
the International Federation of the Red Cross 
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A malaria worker distributes bed nets 
on 28 April in Cotonou, Benin. 


and Red Crescent Societies. “Crowds can be 
very difficult to control,” she says, making 
physical distancing all but impossible. 

“We all knew if Benin did not go ahead, 
there would be a massive domino effect” on 
other countries, Erskine says. So GMP and its 
partners—including the Global Fund to Fight 
AIDS, Tuberculosis and Malaria; the U.S. 
President’s Malaria Initiative; and the Alli- 
ance for Malaria Prevention (AMP)—started 
to lobby leaders in Benin and elsewhere, she 
says, armed with models. AMP advised coun- 
tries on how to reduce COVID-19 risks—for 
instance, by distributing nets door to door 
instead of from a central point. 

Benin agreed, distributing 8 million nets 
in April and setting an example for other 
governments, says Sussann Nasr of the 
Global Fund: “In the end, every country 
said yes.” Still, “We don’t want to get a false 
sense of security,’ Nasr says. “We have to be 
sure that the 2021 countries do their cam- 
paigns, too,” says Hannah Slater, a modeler 
at PATH, a global health nonprofit in Seat- 
tle. The same holds for indoor spraying with 
insecticides and seasonal chemoprevention, 
in which children are given antimalaria 
drugs during the disease’s high season. 

Even if preventive interventions continue, 
malaria deaths could soar if sick children 
don’t receive effective treatment—for in- 
stance, because frightened mothers keep 
them home. The ICL model projects that if ac- 
cess to treatment drops by 50% for 6 months, 
129,000 additional malaria deaths would oc- 
cur between May 2020 and May 2021. 

Getting a fix on how many children are 
being treated is tough, Alonso says. But 
there are ominous hints. Antenatal visits 
are down in some places, and that’s where 
pregnant women, who are very vulnerable 
to severe malaria, receive chemoprevention 
and bed nets along with regular checkups. 
And routine immunizations for diseases such 
as measles have fallen off. “What I really 
worry about is a child who won't be treated 
and deaths will go uncounted,’ says Regina 
Rabinovich of the Harvard T.H. Chan School 
of Public Health—a problem even before the 
pandemic. Undercounting probably explains 
the “paradoxical” finding that reported ma- 
laria cases are down this year, Alonso says. 

Churcher fears some countries may see 
COVID-19 peak during the high malaria 
season, leaving fragile health systems deal- 
ing with simultaneous epidemics. Even 
countries that go into strict lockdown must 
continue malaria services, he says: “It’s not 
a trade-off. You have to do both.” 


Leslie Roberts is a journalist in Washington, D.C. 
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COVID-19 


Pandemic lockdown stirs up ecological research 


Biologists launch studies of how wildlife around the world responded to the “anthropause” 


By Erik Stokstad 


fter a COVID-19 lockdown earlier this 

year prevented biologist Eduardo 

Silva-Rodriguez from visiting his field 

sites in rural Chile, he moved his re- 

search closer to home. He and other 

Chilean researchers set up automated 
cameras to monitor wildlife in urban settings, 
including on his own campus at the Austral 
University of Chile, Isla Teja. The cameras 
soon captured surprises: rare animals, in- 
cluding endangered southern river otters and 
a wild cat called the gilifia, roaming through 
pandemic-quieted cities where they’d never 
been documented before. 

The snapshots are just one ex- 
ample of how wildlife is responding 
to what scientists are calling the 
“anthropause’—the dramatic slow- 
down in human activity caused 
by the pandemic. Some research- 
ers are tracking how animals and 
ecosystems are reacting to steep 
declines in tourism. Others are 
pooling data on animal movements 
to probe large-scale responses to 
emptier roads and airports. The 
unique natural experiment is al- 
lowing scientists to compare how 
animals behaved before, during, 
and after the pandemic—and per- 
haps glean insights into how to 
better protect wildlife once human 
activity resumes full speed. “The lockdown 
has given us the capacity to find where we 
can optimize conservation,’ says Amanda 
Bates, an ecologist at Memorial University. 

In one collaboration led by the Interna- 
tional Bio-Logging Society, researchers are 
contributing tracking data collected by satel- 
lite tags, radio collars, and other tools from 
some 180 species of birds, mammals, reptiles, 
and fish from all continents and oceans. 
“There is a gold mine of data,’ says ecologist 
Christian Rutz of the University of St. An- 
drews. Among other things, researchers will 
be investigating whether animals changed 
their movements during the anthropause— 
crossing roads more frequently, for example, 
or venturing out at unusual times of day. 

A separate team of 16 researchers, orga- 
nized by conservation biologist Nicola Koper 
at the University of Manitoba, is exploring 
similar questions for 85 bird species in Can- 
ada and the United States. Working with data 
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from eBird, a citizen science project run by 
the Cornell Lab of Ornithology, the research- 
ers are examining bird communities in 
95 U.S. and Canadian counties. They wonder, 
for example, whether species that don’t like 
noise, such as yellow-rumped warblers, be- 
came more abundant around airports. And 
they are checking whether low-flying species 
became more common near roads, suggest- 
ing fewer were dying in collisions with cars. 
At popular destinations such as national 
parks, the tourism standstill has created re- 
search opportunities. In Ecuador’s Galapa- 
gos Marine Reserve, the decline in visitors 
has been “unlike anything that would ever 
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Normally timid jackals wandered in Tel Aviv, Israel, during an April lockdown. 


happen, short of a world war,’ says ecologist 
Jon Witman of Brown University. He and his 
colleagues are studying, among other things, 
whether shy marine fish become bolder now 
that recreational divers aren’t around, a be- 
havioral change that could alter how the eco- 
system functions. Witman is heading to the 
Galapagos this week: “We're chasing a fleet- 
ing moment,” he says. 

In the Bahamas, researchers are examining 
how the tourism crash is affecting critically 
endangered rock iguanas. Visitors routinely 
feed the iguanas bread, meat, fruit, and vege- 
tables; now the change in diet “could have re- 
ally profound effects,” says Susannah French, 
a physiological ecologist at Utah State Uni- 
versity. Researchers hope to sail to the Baha- 
mas soon to weigh the animals, take blood 
samples, and check their gut microbiota. The 
data could help local officials better manage 
tourists once they return, says Chuck Knapp, 
a biologist at the Shedd Aquarium. 
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In the Society Islands of French Polynesia, 
researchers are probing how coral reefs are 
faring now that hotels have gone dark. On 
one hand, local residents appear to be re- 
turning to subsistence fishing to make ends 
meet. That could mean trouble for reefs by 
removing herbivorous fish, which control 
algae that can blanket and kill coral. But 
empty hotels could help reefs if it means less 
nutrient pollution from wastewater, which 
stimulates algae growth. It’s “a once-in-a- 
lifetime opportunity to better understand the 
links between humans and coral reefs,” says 
ecologist Sally Holbrook of the University of 
California (UC), Santa Barbara, who works at 
the Moorea Coral Reef Long Term 
Ecological Research site. 

In Italy, ecologist Francesca 
Cagnacci also got a rare chance 
to see how the absence of moun- 
tain bikers, hunters, and traffic 
affected wildlife in the forests 
surrounding Trentino, where she 
is tracking deer and other ani- 
mals with radio collars. In March, 
Cagnacci saw something very un- 
usual in the hushed woods: deer 
and birds wandering during day- 
light. “I won’t forget this for my en- 
tire life,” says Cagnacci, who works 
at the Edmund Mach Foundation’s 
Research and Innovation Centre. 

The anthropause has quieted the 
oceans, too. In California’s Mon- 
terey Bay, marine ecologist Ari Friedlaender 
of UC Santa Cruz took to the water with col- 
leagues in March and early April, when lock- 
downs reduced boat traffic. Equipped with a 
crossbow and special arrows, they collected 
blubber samples from 45 humpback whales. 
When they can return to the lab, they'll mea- 
sure levels of cortisol, a stress hormone. They 
plan to collect new samples over the next 
year, when boat traffic is expected to pick up, 
in an effort to discover just how much addi- 
tional stress—if any—the vessel noise creates 
for whales. 

Scientists acknowledge that the oppor- 
tunity to study the anthropause is coming 
at the expense of much human death and 
suffering. “It’s our sincere hope that no 
one ever gets a chance to study this again,” 
Witman says. “But incredible things are 
happening in natural ecosystems.” 


With reporting by Rasha Aridi. 
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Waterlogged sediment canbe 
Vital‘for life, but also poses a 
threat. Torrents,of mud, such as. 
this‘one.unleashed by the failure 
of amine tailings dam in Brazil, 
periodically kill people, bury 
communities, and pollute rivers. 
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lop. Mire. Ooze. Cohesive sediment. Call 
it what you want, mud—a mixture of fine 
sediment and water—is one of the most 
common and consequential substances 
on Earth. Not quite a solid, not quite 
a liquid, mud coats the bottoms of our 
lakes, rivers, and seas. It helps form mas- 
sive floodplains, river deltas, and tidal 
flats that store vast quantities of carbon 
and nutrients, and support vibrant communities of 
people, flora, and fauna. But mud is also a killer: 
Mudslides bury thousands of people each year. 

Earth has been a muddy planet for 4 billion 
years, ever since water became abundant. But how 
it forms and moves have changed dramatically. 
About 3 billion years ago, the arrival of land plants 
boosted the breakdown of rock into fine particles, 
slowed runoff, and stabilized sediments, enabling 
thick layers of mud to pile up in river valleys. Tec- 
tonic shifts that gave rise to mountains, as well as 
climate changes that enhanced precipitation, accel- 
erated erosion, and helped blanket sea floors with 
mud hundreds of meters thick. Over time, many 
mud deposits hardened into mudrock, the most 
abundant rock in the geologic record, accounting 
for roughly half of all sedimentary formations. 

Now, humans are a dominant force in the world 
of mud. Starting about 5000 years ago, erosion 
rates shot up in many parts of the world as our 
ancestors began to clear forests and plant crops. 
Even more sediment filled rivers and valleys, al- 
tering landscapes beyond recognition (see p. 898.) 
In some places dams and dykes trapped that mud, 
preventing fresh sediment from nourishing flood- 
plains, deltas, and tidal flats and causing them to 
shrink (see p. 896). And industrial processes be- 
gan to produce massive quantities of new forms of 
mud—mine and factory waste—that is laden with 
toxic compounds and often stored behind dams 
that can fail, unleashing deadly torrents (see pp. 
906, 910). 

Despite its ubiquity, mud still harbors mysteries. 
Biologists, for example, are just beginning to grasp 
the vast menagerie of organisms that live in mud, 
and unravel the remarkable adaptations that al- 
low them to cope with special challenges, such as a 
lack of oxygen (see p. 902). And biogeochemists are 
still grappling with the immense role mud plays in 
cycling carbon, and hence influencing global cli- 
mate. Such issues, as the cliché goes, are still just 
clear as mud. 
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MUD ON THE MOVE = 


By David Malakoff; Graphics by Nirja Desai and Xing Liu 


Humans are reshaping the world's mud supply, altering where—and how fast—it 
piles up. Thousands of years ago, our ancestors caused erosion rates to surge by 
starting to clear forests and plant crops, muddying lakes and rivers. Today, 
deforestation and urbanization are causing some rivers to carry more sediment, 
even as dams and efforts to curb erosion choke off sediment supplies to other 
waterways. Such changes, together with precipitation shifts driven by climate change, 
are leading to sometimes dramatic transformations in river deltas, coastal 

mud flats, and the amount of mud that ultimately collects at the bottom of the sea. 
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Water moves vast quantities of sediment eroded 
in highlands to the ocean, but human activities 
can greatly boost or reduce sediment flows. 


The human imprint 
Around the world, mud cores drilled 
from lake bottoms show a pattern 
similar to that found in Lake Dojran 

in Greece and Macedonia (right): 
Sedimentation rates rose sharply about 
4000 years ago as humans began to 
clear landscapes. At Lake Dojran, 
researchers used sediment levels of a 
lithium isotope as a proxy for erosion. 
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Roll on, muddy rivers 


Clearer waters 


The (less) muddy 
Mississippi 

North America's 
biggest river has seen 
sediment loads drop, 
accelerating the loss of 
its delta in Louisiana. 
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leads to larger deltas 
Deforestation has increased 
sediment loads in the 
Amazon and other South 
American rivers in recent 
decades, helping expand the 
continent's river deltas by 
some 16 kilometers per year. — 


The Amazon currently tops the list of the world’s 10 largest transporters of 
sediment to the sea. Other large muddy rivers help make Bangladesh and 
China major suppliers of sediment. 
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Deforestation and farming increased sediment in some large rivers 
from 2000 to 2010, particularly in South America. But dams have cut 
loads elsewhere, especially in Asia. A 2019 study of 193 large rivers 
estimated a 20.8% overall decline in sediment load. Here are the top 
sediment gainers and losers. 
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A decadal decline 
~ Although the Nile 
carries one of the 
world’s largest 
sediment loads to 
the sea, dams across 
Africa now block 
up to two-thirds of 
the sediment that 
flowed downstream 
just decades ago. 


Deltas of change 

Muddy deltas that form where rivers meet the sea support rich farmlands 
and ecosystems. A 2020 study of 11,000 deltas found that 9% lost 

land from 1985 to 2015, whereas 14% added area. Globally, deltas grew by 

54 square kilometers (km?) per year over that period, mostly in South 
America and Asia. The leading land gainers and losers. 
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Shifting tides 

Tidal flats, vast banks of mud that flank many coasts, are key habitats 
for marine organisms and seabirds, as well as important players in 
the global processing and storage of carbon and nutrients. Asian nations 
boast the largest total expanses (below), but other regions have 
extensive flats (above). Reductions in sediment flows imperil some 
flats; one recent global study estimated flats have shrunk by at least 
20,000 ki since 1984. 
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A MUDDY 


LEGACY 


A dozen years after two scientists showed how 
centuries-old mud has smothered many 
U.S. streams, their ideas are guiding restoration efforts 


By Paul Voosen, on Big Spring Run in Pennsylvania 


enturies ago, parts of the east- 
ern United States were drowned 
in mud. Now, Robert Walter 
was dancing in it. The geo- 
chemist stood calf deep in this 
small stream 100 kilometers 
west of Philadelphia, thick curli- 
cues of chocolate sediment flow- 
ing around his legs. Walter did a 
little jig as his colleague and spouse, geo- 
morphologist Dorothy Merritts, watched. 
More mud stirred, heading downstream. 

Brown water might not hold much in- 
terest for many researchers. But a dozen 
years ago, it catapulted Merritts and Walter 
to scientific prominence. The pair, profes- 
sors at Franklin & Marshall College (F&M), 
showed that Big Spring Run and many other 
meandering, high-banked streams in the 
eastern United States look nothing like the 
low-banked, marshy waterways that existed 
when European explorers first arrived nearly 
500 years ago. The original streams, Merritts 
and Walter argued in an influential 2008 pa- 
per published in Science, are now buried be- 
neath millions of tons of “legacy sediment” 
that was released by colonial-era farming 
and logging, and then trapped behind count- 
less dams built to power flour, timber, and 
textile mills. “We realized,’ Walter says, “that 
the [streams] had been completely manufac- 
tured and altered.” 

The finding challenged decades of conven- 
tional scientific wisdom and sparked push- 
back from researchers who said the pair had 
overstated its case. It called into question 
expensive efforts to restore rivers by using 
heavy equipment to resculpt them into what 
practitioners believed had been their natu- 
ral shapes. And the work raised concerns 
that a massive, multibillion-dollar effort to 
clean up the nearby Chesapeake Bay would 


898 21 AUGUST 2020 + VOL 369 ISSUE 6506 


fail if planners didn’t figure out how to pre- 
vent massive slugs of legacy sediment, which 
also carries harmful nutrients, from sloshing 
down the bay’s many tributaries. “It was un- 
comfortable,’ Merritts says, “because I knew 
that my colleagues had other ideas.” 

Now, a dozen years later, new research is 
settling many of the debates that Merritts’s 
and Walter’s paper touched off. Although 
dams are not solely to blame for legacy sedi- 
ment, it’s now clear colonial-era erosion did 
dramatically alter streams in much of the 
continent’s tectonically quiet eastern half, 
says Ellen Wohl, a geomorphologist at Colo- 
rado State University, Fort Collins. “There’s 
been an accelerated recognition of how ubiq- 
uitous this sediment is,” she says. And that 
recognition has been driven by Walter and 
Merritts, says Noah Snyder, a geomorpho- 
logist at Boston College. Their study is “one 
of the most influential papers I’ve seen.” 

Now, the duo is hoping to inspire a new 
approach to stream restoration by turning 
back the clock at Big Spring Run. By remov- 
ing centuries of mud, they have returned the 
stream to its marshy, precolonial glory, and 
are now demonstrating the environmental 
payoff such strategies can deliver. 


MERRITTS AND WALTER weren’t the first to 
realize that erosion has clogged many U.S. 
stream valleys with sediment. In 1917, Grove 
Karl Gilbert, a storied geologist who studied 
western North America, revealed that gold 
mining in the late 1800s had caused sedi- 
ment to fill and reshape deep river valleys in 
the California Sierra Nevadas. In the 1940s, 
Stafford Happ, a soil scientist at the U.S. De- 
partment of Agriculture, documented how 
silt eroded over centuries had buried and 
transformed Wisconsin waterways. In the 
following decades, two other researchers— 
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geomorphologist Jim Knox and hydrologist 
Stanley Trimble—documented thick beds 
of legacy sediments beneath waterways in 
Georgia and the Upper Midwest. 
“Agricultural erosion in parts of this coun- 
try was far more severe” than many geo- 
logists realized, says Trimble, who recently 
retired from the University of California, 
Los Angeles. “We are talking about buried 
farms and villages.” Beaver, a small town in 
Minnesota, had been smothered by nearly 
5 meters of eroded silt from uphill farms 
that reached the second floors of homes. 
Port Tobacco, Maryland, once a boomtown, 
faded after its wharfs silted up. But these 
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pioneering studies never quite persuaded 
scientists that some waterways had been 
utterly transformed. 

Much of our understanding of how riv- 
ers behave and evolve comes from two geo- 
morphologists, Luna Leopold and Gordon 
“Reds” Wolman. While working together 
at the U.S. Geological Survey (USGS) in the 
1950s, they studied streams in Virginia, 
Maryland, and Pennsylvania—all easily ac- 
cessible from USGS headquarters in Reston, 
Virginia. Using quantitative techniques rare 
at the time, they developed an influential 
explanation for how rivers form stable, 
braided, meandering channels and sculpt 
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the land around them. As part of their 
work, they showed the importance of rivers 
frequently spilling over their banks during 
floods and depositing sediment on adjacent 
floodplains; such overbank deposition, they 
found, was a fundamental part of a natural, 
healthy waterway. 

Merritts, 62, says she grew up wanting 
to tell her own stories about the landscape. 
Raised in central Pennsylvania, she spent 
her childhood outdoors, climbing and hik- 
ing with packs of kids. Her grandfather, a 
conductor on the Pennsylvania Railroad, 
told her of the wonders he saw in the state’s 
valleys. “That’s what I wanted to do,” she 
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As the result of a restoration project that 
removed 22,000 tons of colonial-era 
sediment, Big Spring Run in Pennsylvania 
now snakes through lush wetlands. 


recalls. “I wanted to be able to understand 
everywhere around me.” 

After earning a doctorate in geomorpho- 
logy from the University of Arizona in 1987, 
Merritts joined the F&M faculty. She became 
a field junkie, spending much of her career 
deciphering how plate tectonics had reshaped 
landscapes around the Pacific Rim by looking 
at how rivers had shifted over time. The work 
often took her to hazardous spots, including 
East Timor, where she needed a bodyguard 
because of a civil war, and Humboldt county 
in California, where she was threatened at 
gunpoint by cannabis growers. Until recently, 
Merritts carried two life insurance policies. 
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These hazards prompted her, in 2002, to 
look for a safer project closer to home. She 
had heard concerns about silt eroding from 
the banks of rivers flowing through farms in 
Pennsylvania, so she and her students began 
to survey local waterways. They appeared 
to behave in the ways that Leopold and 
Wolman had laid out. But the traditional 
model of river evolution couldn’t fully ex- 
plain a picture that a student showed Mer- 
ritts one day; it displayed a nearly vertical, 
6-meter-high wall of layered sediments 
along the Little Conestoga River. 

As it happened, Walter, who had recently 
arrived at F&M, was visiting as Merritts and 
the student discussed the photo. Now 69, 
Walter was born and raised in Lancaster, 
Pennsylvania, where F&M is located, and 
had spent days fishing nearby streams, but 
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landscape evolution was not his focus. A spe- 
cialist in the chemistry of volcanic rocks, he 
began his career dating the terrain surround- 
ing the skeleton known as Lucy, the famed 
human ancestor discovered in Ethiopia. Still, 
one look at the student’s photo was enough 
to persuade him that the layers of sediment 
it showed had been deposited in still—not 
moving—water. “There has to be a dam 
there,” he said. There’s only one way to get 
that kind of deposit, Merritts adds. “A lake.” 


CURIOUS, the next day the two research- 
ers journeyed to the Little Conestoga. 
Sure enough, just downstream from the 
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towering bank of finely laminated mud 
they found the remains of a colonial-era 
milldam. That’s when Walter made a leap. 
“These are everywhere,” he said. “I bet all 
these streams come from these old dams.” 

Merritts was doubtful. “I thought it was 
kind of crazy that you could [make that] 
leap from one outcrop,” she recalls. But 
subsequent trips to Lancaster’s historical 
society, along with reviews of other records, 
confirmed the dams had, indeed, been seem- 
ingly everywhere. On some rivers, settlers 
had built one every few kilometers. “It was,” 
Merritt says, “just astonishing.” 

It was also disconcerting. The ubiqui- 
tous dams could mean many of the riv- 
ers that Leopold and Wolman had used to 
draw their conclusions had this unrecog- 
nized backstory, and so sat atop far more 


Dorothy Merritts and Robert Walter put 
their research on rivers to a real-world 
test by helping restore Big Spring Run. 


anthropogenic sediment than realized. It 
suggested that efforts to restore streams to 
meandering, high-banked single channels 
were misguided. And it implied that mas- 
sive blankets of stored sediment could be 
a major source of nutrient pollution that 
would run downriver for decades to come. 

The duo spent the next several years 
building its case, driving to dam sites and 
documenting and dating sediments. The col- 
laboration also became a courtship, as the 
two scientists found they made both a scien- 
tific and personal match. They were married 
next to an old mill in 2004. 

Together, Merritts and Walter make a for- 
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midable team, say those who know them. 
Merritts is meticulous, Wohl says, “just 
thorough and detailed and comprehensive.” 
Walter is more of a provocateur and disci- 
pline jumper. Their qualities are comple- 
mentary, says Kathy Boomer, a river scientist 
at the Foundation for Food and Agriculture 
Research. “They’re the most collaborative 
and open-minded scientists I know.” 

In January 2008, Merritts and Walter un- 
veiled their ideas in Science. “The modern, 
incised, meandering stream is an artifact of 
the rise and fall of mid-Atlantic streams in 
response to human manipulation of stream 
valleys for water power,’ they wrote. Ulti- 
mately, they concluded, the findings “imply 
the need to reconsider current procedures 
for stream restoration” that rest on “the 
assumption that eroding channel banks 
are natural and replenishable.” The paper 
quickly became the most influential of their 
careers, with some 750 citations. 


NOT ALL THE ATTENTION was positive. “What 
surprised me was the resistance they met,” 
Wohl says. “People really had a hard time ac- 
cepting this.” 

In critiques later published in Science 
and elsewhere, some researchers faulted 
Walter and Merritts for implying that their 
findings, based largely on rivers in eastern 
Pennsylvania, where colonial mill dams were 
common, could be applied widely through- 
out the eastern United States. “I thought 
the conclusions far exceeded the evidence,” 
Trimble recalls. Other research, he and oth- 
ers noted, had found that legacy sediments 
had piled up even along river reaches that 
didn’t have dams. But until the couple’s pa- 
per came out, those studies had failed to gain 
broad traction. 

Other scientists were irked by the sug- 
gestion that Leopold and Wolman’s iconic 
theoretical framework was flawed. “To say 
channel morphology is dependent on his- 
toric milldams is incorrect,’ says Martin 
Doyle, a river ecologist at Duke University. 
“The classic understanding of how rivers 
work is still true.” 

The real-world implications raised the 
stakes. River restoration specialists risked 
wasting heaps of cash on projects that might 
be quickly undone if floods pushed piles of 
old sediment into newly carved streams. 
State and federal agencies had to decide how 
to account for legacy sediments as they set 
water quality guidelines and environmental 
cleanup goals. And efforts to curb the sup- 
ply of silt washing into the Chesapeake Bay 
might have to contend with far more of it 
than planners had counted on. “This is the 
900-pound gorilla for how we restore our 
streams,’ says Gregory Noe, a USGS ecologist 
who studies mid-Atlantic streams. 
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AS THE DEBATE swirled, Merritts and 
Walter decided to put their ideas into prac- 
tice. During their research, they had met 
Joe Sweeney, a farmer who owned land that 
encompassed Big Spring Run, and Ward 
Oberholtzer, an engineer at LandStudies, a 
river restoration firm. Sweeney had hired 
Oberholtzer to examine why trees he had 
planted on Big Spring Run’s high banks to 
prevent erosion were dying. The conclusion: 
Their roots couldn’t reach the groundwater; 
trenches dug by Merritts, Walter, and their 
students suggested several meters of legacy 
sediment caked over the site. To restore such 
connections, the team proposed re-creating 
the kind of languid wetland that Walter and 
Merritts believed had once existed on the 
spot. But first they would monitor it for sev- 
eral years, to establish a baseline that could 
be used to evaluate any post- 
restoration changes. 

In 2011, after more than 
2 years of planning and assis- 
tance from the Pennsylvania 
Department of Environmental 
Protection, the National Science 
Foundation, the Environmental 
Protection Agency (EPA), USGS, 
and others, bulldozers began to 
remove 22,000 tons of legacy 
sediment along 4 square kilo- 
meters of the valley. (The silt 
was trucked to F&M and used as 
fill beneath a new building.) A 
layer of rich, black, precolonial 
soil emerged from beneath the 
legacy sediment. In it, research- 
ers found seeds that provided 
an archive of the wetland plants 
that had once grown along the 
stream. Although federal regu- 
lations required the _ restora- 
tion team to carve a single new 
channel, they built low banks 
and installed stumps and other 
obstacles that would encourage 
high waters to jump the banks, 
transforming the stream into a 
multithreaded wetland. 

Within 1 year, the banks bloomed with 
sedges like a Chia pet. Today, bog turtles scut- 
tle and geese nest in thick native vegetation 
that has put down roots that hold sediment 
in place. There’s room for floodwaters to slow 
down and spread out, instead of sweeping 
away bankside trees and plants. “The biology 
does not have to re-establish itself” after ev- 
ery severe storm, Oberholtzer says. 

Monitoring shows the restoration has also 
altered the stream’s biogeochemistry. Storage 
of organic carbon tripled in the restored area 
and levels of nitrate, a key pollutant, dropped 
sharply, soaked up by the wetland plants. The 
load of sediment swept downstream from the 
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restored area declined drastically, by 85%, ac- 
cording to a USGS report published this year. 
Polluting phosphorus, which hitches a ride 
on silt particles, dropped 79%. Ken Forshay, 
a research ecologist with EPA based in Ada, 
Oklahoma, says he was skeptical he’d see such 
improvements. But the data have “turned a 
nonbeliever into a believer,’ he says. 

Even before all the results were in, the Big 
Spring Run project prompted similar resto- 
rations in Pennsylvania and Maryland, with 
20 now completed and 10 more underway. 
It’s simple to see why: Though the project 
would have cost $1 million in today’s dol- 
lars to restore its 800 meters, it was at least 
16 times more cost effective at reducing pol- 
lution than other techniques, found Patrick 
Fleming, an agricultural economist at F&M. 
“This practice blew the other ones away.” 


Meters of mud had buried the rich, black soil that typified Big Spring Run before 
Europeans arrived (top). It took heavy machines to remove the legacy sediment. 


TWELVE YEARS AFTER their Science paper 
appeared, a clearer picture is emerging of 
how far beyond Big Spring Run the ideas 
floated by Merritts and Walter can be ap- 
plied. Evidence that precolonial streams of- 
ten resembled wetlands has popped up in 
more places—in Kentucky, for example, says 
Arthur Parola, a stream scientist at the Uni- 
versity of Louisville. “The more we look, the 
more were finding,” he says. “These wetland 
systems were maybe the common types of 
streams in the eastern United States.” 

In New England, however, Merritts and 
Walter found a different picture when they 
surveyed streams with Snyder. Although co- 
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lonial dams did trap sediment, they found, 
the glaciated landscapes provided far less 
grist than those farther south. The thick 
beds of legacy sediment seen in the mid- 
Atlantic are “not going to be seen everywhere,” 
Merritts says. And “not every place had that 
many milldams.” 

Noe found similar variation in a massive 
study of 68 river sites in the mid-Atlantic, 
now nearing publication. “There’s more 
nuance now,’ Noe says. “Milldams are very 
important” in understanding sediment in 
some watersheds, he says, “but they’re not 
necessarily the causative factor everywhere.” 

Noe’s study will also provide the first de- 
tailed, large-scale accounting of sediment 
sources and sinks for the region. The good 
news is that, at nearly all the rivers his 
team studied, the floodplains downstream 
were capturing as much sedi- 
ment as was eroding upstream, 
potentially curbing pollution. 
The floodplains are acting as 
kidneys, he says, and are “water 
quality superheroes.” 

But Noe adds that if those 
floodplains weren’t busy cap- 
turing colonial silt, they could 
instead be a greater sink for the 
sediment runoff from farms and 
cities. And the further removal of 
dams, as many states are pursu- 
ing, will only free up new slugs 
of mud. So legacy sediment prob- 
lems aren’t going away, says Karl 
Wegmann, a geomorphologist at 
North Carolina State University. 
“It’s like Chernobyl. We’re going 
to be living with it for centuries.” 

The question now is what to 
do about it. The Chesapeake Bay 
Commission, which leads the 
cleanup of the bay, is evaluating 
how to credit legacy sediment 
restorations for their pollution re- 
ductions, based on long-term data 
from project like Big Spring Run. 
It’s “been tremendously valuable,” 
says David Wood of the Chesa- 
peake Stormwater Network, a nonprofit 
that coordinates restoration practices. This 
is “the type of research that is needed else- 
where across the watershed,” he says. 

For their part, Merritts and Walter are 
pragmatic, not environmental romantics. 
They may have revealed a prehuman base- 
line for many waterways, but they know 
change is a constant of geology. Many riv- 
ers are so drowned in silt that they can- 
not be redeemed. The world is not pristine. 
But only by acknowledging and accounting 
for the legacy of the past, they say, can we 
take a first step toward solving the prob- 
lems of today. & 
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THE MUD IS 


ELECTRIC 


Bacteria that conduct electricity are 
transforming how we see sediments 


By Elizabeth Pennisi 


Threads of electron-conducting 
Gr, cable bacteria can/stretch 
fe dea z ; up.to 5 centimeters-from deeper 
mud, where oxygen is scarce and 
hydrogen sulfide is common, 

to surface layers richer in oxygen. 


or Lars Peter Nielsen, it all began 
with the mysterious disappearance 
of hydrogen sulfide. The microbio- 
logist had collected black, stinky 
mud from the bottom of Aarhus 
Harbor in Denmark, dropped it 
into big glass beakers, and inserted 
custom microsensors that detected 
changes in the mud’s chemistry. 
At the start of the experiment, the muck 
was saturated with hydrogen sulfide—the 
source of the sediment’s stink and color. But 
30 days later, one band of mud had become 
paler, suggesting some hydrogen sulfide 
had gone missing. Eventually, the micro- 
sensors indicated that all of the compound 
had disappeared. Given what scientists 
knew about the biogeochemistry of mud, 
recalls Nielsen, who works at Aarhus Uni- 
versity, “This didn’t make sense at all.” 

The first explanation, he says, was that 
the sensors were wrong. But the cause 
turned out to be far stranger: bacteria that 
join cells end to end to build electrical 
cables able to carry current up to 5 centi- 
meters through mud. The adaptation, never 
seen before in a microbe, allows these so- 
called cable bacteria to overcome a major 
challenge facing many organisms that live 
in mud: a lack of oxygen. Its absence would 
normally keep bacteria from metabolizing 
compounds, such as hydrogen sulfide, as 
food. But the cables, by linking the microbes 
to sediments richer in oxygen, allow them 
to carry out the reaction long distance. 

When Nielsen first described the discov- 
ery in 2009, colleagues were skeptical. Filip 
Meysman, a chemical engineer at the Uni- 
versity of Antwerp, recalls thinking, “This is 
complete nonsense.” Yes, researchers knew 
bacteria could conduct electricity, but not 
over the distances Nielsen was suggesting. 
It was “as if our own metabolic processes 
would have an effect 18 kilometers away,” 
says microbiologist Andreas Teske of the 
University of North Carolina, Chapel Hill. 

But the more researchers have looked 
for “electrified” mud, the more they have 
found it, in both saltwater and fresh. They 
have also identified a second kind of mud- 
loving electric microbe: nanowire bacteria, 
individual cells that grow protein structures 
capable of moving electrons over shorter 
distances (see graphic, p. 903). These nano- 
wire microbes live seemingly everywhere— 
including in the human mouth. 

The discoveries are forcing researchers to 
rewrite textbooks; rethink the role that mud 
bacteria play in recycling key elements such as 
carbon, nitrogen, and phosphorus; and recon- 
sider how they influence aquatic ecosystems 
and climate change. Scientists are also pur- 
suing practical applications, exploring the 
potential of cable and nanowire bacteria to 
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battle pollution and power electronic devices 
(see sidebar, p. 904). “We are seeing way more 
interactions within microbes and between 
microbes being done by electricity,’ Meysman 
says. “I call it the electrical biosphere.” 


MOST CELLS THRIVE by robbing electrons 
from one molecule, a process called oxida- 
tion, and donating them to another mol- 
ecule, usually oxygen—so-called reduction. 
Energy harvested from these reactions 
drives the other processes of life. In eukary- 
otic cells, including our own, such “redox” 
reactions take place on the inner membrane 
of the mitochondria, and the distances in- 
volved are tiny—just micrometers. That is 
why so many researchers were skeptical 
of Nielsen’s claim that cable bacteria were 
moving electrons across a span of mud 
equivalent to the width of a golf ball. 

The vanishing hydrogen sulfide was key 
to proving it. Bacteria produce the com- 
pound in mud by breaking down plant de- 
bris and other organic material; in deeper 
sediments, hydrogen sulfide builds up be- 
cause there is little oxygen to help other 
bacteria break it down. Yet, in Nielsen’s lab- 
oratory beakers, the hydrogen sulfide was 
disappearing anyway. Moreover, a rusty hue 
appeared on the mud’s surface, indicating 
that an iron oxide had formed. 

One night, waking from his sleep, Nielsen 
came up with a bizarre explanation: What if 
bacteria buried in the mud were completing 
the redox reaction by somehow bypassing 
the oxygen-poor layers? What if, instead, 
they used the ample supplies of hydrogen 
sulfide as an electron donor, then shuttled 
the electrons upward to the oxygen-rich 
surface? There, the oxidation process would 
produce rust if iron was present. 

Finding what was carrying these electrons 
proved complicated. First, Nils Risgaard- 
Petersen on Nielsen’s team had to rule out a 
simpler possibility: that metallic particles in 
the sediment were shuttling electrons to the 
surface and causing the oxidation. He ac- 
complished that by inserting a layer of glass 
beads, which don’t conduct electricity, into 
a column of mud. Despite that obstacle, the 
researchers still detected an electric current 
moving through the mud, suggesting metal- 
lic particles were not the conductor. 

To see whether some kind of cable or wire 
was ferrying electrons, the researchers next 
used a tungsten wire to make a horizontal 
slice through a column of mud. The current 
flickered out, as if a wire had been snipped. 
Other work narrowed down the conductor’s 
size, suggesting it had to be at least 1 micro- 
meter in diameter. “That’s the conventional 
size for bacteria,’ Nielsen says. 

Ultimately, electron micrographs _re- 
vealed a likely candidate: long, thin, bac- 
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Mud’s electric microbes 


At least two kinds of bacteria have evolved electric solut 


ions to gaining energy. These microbes, first discovered 


in mud, separate the reduction and oxidation reactions that release the energy needed to fuel life. To enable 
these reactions, nanowire bacteria move electrons just micrometers between cells, particles, or other electron 
acceptors. Cable bacteria move electrons farther:\up to 5 centimeters to oxygen-rich sediments. 


\ 


A challenging 
environment 

In ocean and freshwater 
sediments, the oxygen 
needed for metabolism 
is typically restricted 

to surface layers or near 
plant roots. In deeper 
layers, toxic hydrogen 
sulfide accumulates as 
organic matter decays. 


Oxygen (0.) 
@ Hydrogen sulfide 


Bacterium \. 


ae, 
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everywhere 
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OXIDATION 


sediment, where 
the electrons are 
used to make water. 


to grab electrons Reactions such as 
instead. Sulfide = Sulfate + ©) 
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free up electrons. 


terial filaments that appeared in the layer 
of glass beads inserted in the beakers filled 
with the Aarhus Harbor mud. Each fila- 
ment was composed of a stack of cells—up 
to 2000—encased in a ridged outer mem- 
brane. In the space between that membrane 
and the stacked cells, many parallel “wires” 
stretched the length of the filament. The 
cablelike appearance inspired the microbe’s 
common name. 

Meysman, the one-time skeptic, quickly 
became a convert. Not long after Nielsen 
announced his discovery, Meysman decided 
to examine one of his own marine mud 
samples. “I noticed the same color changes 
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in the sediment that he saw,’ Meysman re- 
calls. “It was an instruction from Mother 
Nature to take this more seriously.” 

His team began to develop tools and tech- 
niques for investigating the microbes, some- 
times working collaboratively with Nielsen’s 
group. It was tough going. The bacterial 
filaments tended to degrade quickly once 
isolated, and standard electrodes for mea- 
suring currents in small conductors didn’t 
work. But once the researchers learned how 
to pick out a single filament and quickly at- 
tach a customized electrode, “We saw really 
high conductivity,’ Meysman says. The liv- 
ing cables don’t rival copper wires, he says, 
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Next up: a phone powered by microbial wires? 


he discoverers of electric microbes have been quick to think about how these 

bacteria could be put to work. “Now that we have found out that evolution has 

managed to make electrical wires, it would be a shame if we didn’t use them,” says 

Lars Peter Nielsen, a microbiologist at the University of Aarhus. 

One potential use is to detect and control pollutants. Cable microbes seem to 

thrive in the presence of organic compounds, such as petroleum, and Nielsen and 
his team are testing the possibility that an abundance of cable bacteria signals the 
presence of undetected pollution in aquifers. The bacteria don’t degrade the oil 
directly, but they may oxidize sulfide produced by other oil-eating bacteria. They might 
also aid cleanup; sediments recover faster from crude oil contamination when they 
are colonized by cable bacteria, a different research team reported in January in Water 
Research. In Spain, a third team is exploring whether nanowire bacteria can speed the 
cleanup of polluted wetlands. And even before nanowire bacteria were shown to be 
electric, they showed promise for decontaminating nuclear waste sites and aquifers 
contaminated with aromatic hydrocarbons such as benzene or naphthalene. 

Fighting climate change is another target. Lab tests have demonstrated that cable 
bacteria can reduce the amount of methane—a major contributor to global warming— 
generated by rice cultivation by 93%, researchers reported on 20 April in Nature Com- 
munications. They do this by helping break down substances that methane-producing 


bacteria rely on. 


Electric bacteria could also give rise to new technologies. They can be genetically 
modified to alter their nanowires, which could then be sheared off to form the basis of 
sensitive, wearable sensors, says Derek Lovley, a microbiologist the University of Mas- 
sachusetts (UMass), Amherst. “We can design nanowires and tailor them to specifi- 
cally bind compounds of interest.” For example, in the 11 May issue of Nano Research, 
Lovely, UMass engineer Jun Yao, and their colleagues described a nanowire sensor that 
detects ammonia at concentrations relevant for agricultural, industrial, environmental, 


and biomedical applications. 


Fashioned into a film, nanowires can generate electricity from the moisture in 
the air. The film generates power, researchers believe, when a moisture gradient de- 
velops between the film's upper and lower edges. (The upper edge is more exposed 
to moisture.) As the water's hydrogen and oxygen atoms separate because of 
the gradient, a charge develops and electrons flow. Yao and his team reported on 
17 February in Nature that such a film can create enough power to light a light-emitting 
diode, and 17 such devices connected together can power a cellphone. The approach 
is “a revolutionary technology to get renewable, green, and cheap energy,” says Qu 
Liangti, a materials scientist at Tsinghua University. (Others are more cautious, 
noting that past attempts to wring energy from moisture, using graphene or poly- 


mers, have not panned out.) 


Ultimately, researchers hope to exploit the bacteria’s electrical talents without having to 


deal with the finicky microbes themselves. Lovley, for example, has coaxed a common lab 
and industrial bacterium, Escherichia coli, to make nanowires. That should make it easier 
for researchers to mass produce the structures and explore practical applications. —E.P 


but they are on par with conductors used in 
solar panels and cellphone screens, as well 
as the best organic semiconductors. 

The researchers also dissected the cable 
bacteria’s anatomy. Using chemical baths, 
they isolated the cylindrical sheath, finding 
it holds 17 to 60 parallel fibers, glued along 
the inside. The sheath is the source of the 
conductance, Meysman and colleagues re- 
ported last year in Nature Communications. 
Its exact composition is still unknown, but 
could be protein-based. 

“It's a complicated organism,” says 
Nielsen, who now heads a Center for 
Electromicrobiology, established in 2017 by 
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the Danish government. Among the chal- 
lenges the center is tackling is mass pro- 
ducing the microbes in culture. “If we had 
a pure culture, it would be a lot easier” to 
test ideas about cell metabolism and envi- 
ronmental influences on conductance, says 
the center’s Andreas Schramm. Cultured 
bacteria would also make it easier to isolate 
the cable’s wires and test potential applica- 
tions for bioremediation and biotechnology. 


EVEN AS RESEARCHERS puzzle over cable 
bacteria, others have been studying another 
big player in electric mud: nanowire bac- 
teria, which instead of stacking cells into 
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cables sprout protein wires spanning 20 to 
50 nanometers from each cell. 

As with cable bacteria, some puzzling 
sediment chemistry led to the discovery 
of nanowire microbes. In 1987, microbio- 
logist Derek Lovley, now at the University 
of Massachusetts, Amherst, was trying to 
understand how phosphate from fertil- 
izer runoff—a nutrient that promotes algal 
blooms—is released from sediments be- 
neath the Potomac River in Washington, 
D.C. He suspected microbes were at work 
and began to sieve them from the mud. 
After growing one, now called Geobacter 
metallireducens, he noticed (under an elec- 
tron microscope) that the bacteria sprouted 
connections to nearby iron minerals. He 
suspected these wires were transporting 
electrons, and eventually figured out that 
Geobacter orchestrates chemical reactions 
in mud by oxidizing organic compounds 
and transferring the electrons to minerals. 
Those reduced minerals then release their 
hold on phosphorus and other elements. 

Like Nielsen, Lovley faced skepticism 
when he first described his electrical mi- 
crobe. Today, however, he and others have 
documented almost a dozen kinds of nano- 
wire microbes, finding them in a variety of 
environments besides mud. Many shuttle 
electrons to and from particles in sediment. 
But some rely on other microbes to obtain 
or store electrons. Such biological partner- 
ships allow both microbes to “do new types 
of chemistry that neither organism can do 
on their own,” says Victoria Orphan, a geo- 
biologist at the California Institute of Tech- 
nology. Whereas cable bacteria solve their 
redox requirements by long-distance trans- 
port to oxygenated mud, these microbes de- 
pend on each other’s metabolisms to satisfy 
their redox needs. 

Some researchers are still debating how 
the bacterial nanowires conduct electrons. 
Lovley and his colleagues are convinced that 
chains of proteins called pilins, which consist 
of ring-shaped amino acids, are key. When 
he and his colleagues reduced the number 
of ringed amino acids in pilin, the nanowires 
became poorer conductors. “That was really 
surprising,” Lovley says, because proteins are 
generally thought to be insulators. But others 
think the issue is far from settled. Orphan, for 
one, says that although “there is some com- 
pelling evidence ... I still don’t think [nano- 
wire conductance] is well understood.” 


WHAT IS CLEAR is that electrical bacteria are 
everywhere. In 2014, for example, scientists 
found cable bacteria in three very differ- 
ent habitats in the North Sea: an inter- 
tidal salt marsh, a seafloor basin where 
oxygen levels drop to near zero at some 
times of the year, and a submerged mud 
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Derek Lovley (left) discovered mud bacteria that sprout electron-transporting nanowires, while Lars Peter Nielsen (right) described microbes that build conducting cables. 


plain just off the coast. (They didn’t find 
them in a sandy area populated by worms 
that stir up the sediments and disrupt the 
cables.) Elsewhere, researchers have found 
DNA evidence of cable bacteria in deep, 
oxygen-poor ocean basins, hydrothermal 
vent areas, and cold seeps, as well as man- 
grove and tidal flats in both temperate and 
subtropical regions. 

Cable bacteria have also shown up in 
freshwater environments. After reading 
Nielsen’s papers in 2010 and 2012, a team 
led by microbiologist Rainer Meckenstock 
re-examined sediment cores drilled during 
a study of groundwater pollution in Dus- 
seldorf, Germany. “We found [cable bac- 
teria] exactly where we thought we would 
find them,” at depths where oxygen was de- 
pleted, recalls Meckenstock, who works at 
the University of Duisburg-Essen. 

Nanowire bacteria are even more broadly 
distributed. Researchers have found them 
in soils, rice paddies, the deep subsurface, 
and even sewage treatment plants, as well 
as freshwater and marine sediments. They 
may exist wherever biofilms form, and 
the ubiquity of biofilms provides further 
evidence of the big role these bacteria may 
play in nature. 

The broad range of electric mud bacteria 
also suggest they are a major force in eco- 
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systems. By preventing the buildup of hy- 
drogen sulfide, for example, cable bacteria 
are likely making mud more habitable for 
other life forms. Meckenstock, Nielsen, and 
others have found them on or near the roots 
of seagrasses and other aquatic plants, 
which bubble off oxygen that the bacte- 
ria likely exploit to break down hydrogen 
sulfide. That, in turn, protects the plants 
from toxic gas. The partnership “seems to 
be a very generic property of water plants,” 
Meckenstock says. 

Robert Aller, a marine biogeochemist at 
Stony Brook University, thinks the bacteria 
may also aid many undersea invertebrates, 
including worms that build burrows that al- 
low oxygenated water to flow into the mud. 
He has discovered cable bacteria sticking 
out the sides of worm tubes, likely so they 
can tap that oxygen for electron storage. In 
return, those worms are kept safe from the 
toxic hydrogen sulfide. “The bacteria make 
[the burrow] more livable,” says Aller, who 
described these connections in a July 2019 
paper in Science Advances. 

The microbes also alter the properties 
of mud, says Sairah Malkin, an ecologist at 
the University of Maryland Center for En- 
vironmental Science. “They are particularly 
efficient ... ecosystem engineers.” Cable bac- 
teria “grow like wildfire,’ she says; on inter- 
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tidal oyster reefs, she has found, a single 
cubic centimeter of mud can contain 2859 
meters of cables, which cements particles 
in place, possibly making sediment more 
stable for marine organisms. 

The bacteria also alter the mud’s chemis- 
try, making layers closer to the surface more 
alkaline and deeper layers more acidic, 
Malkin has found. Such pH gradients can 
affect “numerous geochemical cycles,’ she 
says, including those involving arsenic, 
manganese, and iron, creating opportuni- 
ties for other microbes. 

With vast swaths of the planet covered 
by mud, cable and nanowire bacteria are 
likely having an influence on global cli- 
mate, researchers say. Nanowire bacteria, 
for example, can strip electrons from or- 
ganic materials, such as dead diatoms, then 
shuttle them to other bacteria that produce 
methane—a potent greenhouse gas. Under 
different circumstances, cable bacteria can 
reduce methane production. 

In coming years, “We are going to see a 
broad acceptance of the importance of these 
microbes to the biosphere,’ Malkin says. 
Just over a decade after Nielsen noticed 
the mysterious disappearance of hydrogen 
sulfide from the Aarhus mud, he says, “It is 
dizzying to think about what we're dealing 
with here.” 
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ADAM BIG 


PROBLEM 


A string of catastrophic failures 
has raised alarm about dams meant 
to contain muddy mine wastes 


By Warren Cornwall 


he dam, a 40-meter wall of rocks 
and dirt, gave way without warn- 
ing, unleashing a torrent of mud. 
Within a day, some 21 million cu- 
bic meters of gray goo and water— 
the tailings waste left behind by 
16 years of copper and gold min- 
ing at the Mount Polley mine in 
western Canada—escaped from 
a holding pond behind the dam, buried a 
creek, and poured into Quesnel Lake, home 
to one-third of British Columbia’s legendary 
Fraser River sockeye salmon. 

The 2014 Mount Polley disaster shocked 
mining engineers around the world. Many 
considered Canada a leader in developing 
rules aimed at preventing the failure of such 
tailings dams, and respected the mine’s 
owner, Imperial Metals. “That wasn’t sup- 
posed to be able to happen,” Jim Kuipers, 
an engineer and former tailings dam man- 
ager who now consults for environmental 
groups, recalls a colleague telling him. 

Since then, the sense of crisis has deepened. 
In 2015, a tailings dam in Brazil collapsed, 
unleashing a mammoth mud spill that killed 
19 people, contaminated 668 kilometers of 
river, and reached the Atlantic Ocean. In 
2018, a dam failed at a major mine in Aus- 
tralia; luckily, a second barrier prevented 
disaster. Last year, a dam disintegrated at a 
decommissioned Brazilian iron mine, releas- 
ing a torrent that killed 270 people. 

Engineers fear more catastrophes await, 
as the world confronts a swelling volume of 
muddy mine tailings, contained by more and 
larger dams. Some rise to nearly the height of 
the Eiffel Tower and hold back enough waste 
to fill Australia’s Sydney Harbor. “The conse- 


Mud released by a burst tailings dam at an iron mine 
near Brumadinho, Brazil, killed 270 people in 2019. 
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quences of a failure are getting much bigger,’ 
says Priscilla Nelson, a geotechnical engineer 
at the Colorado School of Mines. 

In response, scientists, governments, en- 
vironmentalists, and miners are searching 
for safer ways to handle the tainted mud. 
Some are trying to simply inventory the 
world’s tailings dams—estimates of the num- 
ber range from 3500 to 21,000—and iden- 
tify those most at risk of failure. A few have 
called for a ban on one common but failure- 
prone design. Others are working on regu- 
latory and management fixes. “The mining 
industry,’ says Joseph Scalia, a geotechnical 
engineer at Colorado State University, “is re- 
alizing they can’t just spend as little as pos- 
sible and the problem is going to go away.” 


TAILINGS ARE THE TRASH of the mining world. 
To extract most metals, from iron to gold, 
miners often mix pulverized rock with water, 
creating a milkshake of silt and gravel. As 
higher quality mineral deposits run out, min- 
ers are turning to lower grade sources that 
generate more waste. Worldwide, the metal 
content of copper ore has fallen by nearly 
half since the mid-20th century. Extracting 
a single kilogram of copper can now produce 
200 kilograms of sludge. The muck is often con- 
taminated with toxic metals or minerals that 
produce sulfuric acid when exposed to air. 
Tailings dams, unlike those built to store 
water or generate power, don’t earn reve- 
nue, creating an incentive for mine owners 
to minimize costs. Many are built piece- 
meal throughout the life of a mine. And 
the barriers are often made from a mixture 
of rock and the tailings themselves, rather 
than a more uniform and predictable ma- 
terial such as concrete. Those factors con- 
tribute to a failure rate that, over the past 
century, was more than 100 times higher 
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Why mining dams fail 
Basins filled with leftover sludge from mining can grow to half the 
size of Manhattan. Historically, dams containing tailings have failed at 
more than 100 times the rate of water-holding dams. In just the 
past decade, failures have killed hundreds and contaminated ecosystems 
with toxic mud. Many failures have common culprits. 
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Infiltration of water into the dam 
is a chief source of failures. In 
extreme cases, water combined 
with stress such as an earthquake 
can cause an earthen dam to 
suddenly turn to liquid. 
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Upstream construction is acommon 
but failure-prone approach. The dam is 
raised gradually, as tailings accumulate. 
With each new level, the dam tilts 
upstream, relying on tailings below 

to help carry the load. 
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Geologic weaknesses in the ground 
below a dam can leave it vulnerable. 
In one of the biggest recent failures, 
dam builders didn't drill deep enough 
to discover a weak layer left by 
receding glaciers. 
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Unlike water dams, tailings dams 
evolve. They are built bit by bit over 
decades as mine waste piles up. 

This creates more potential for errors. 
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than that of reservoir and power dams, ac- 
cording to one estimate. 

Each disaster has its own constellation of 
causes, but some arise from seemingly trivial 
errors. At Mount Polley, investigators led by 
Norbert Morgenstern, a geotechnical engi- 
neer at the University of Alberta concluded 
that part of the dam was built on a weak 
patch of silt and clay. Exploratory boreholes 
drilled prior to construction were too shallow 
to find the problem. Builders further weak- 
ened the dam by making its walls steeper 
than planned, after the company ran short 
of rock. One night, the weight of the sludge 
became more than the dam could bear. 

It could have been much worse. No one 
died. Workers ultimately repaired the dam 
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and shoveled up much of the mud that had 
buried the creek. (The company says the 
spill didn’t cause long-term harm to the 
Quesnel Lake ecosystem, but some eco- 
logists say it’s still too early to tell.) 

Morgenstern, who also led the investiga- 
tions into the 2015 Brazilian incident and 
the 2018 Australia failure, has found that 
faulty engineering, including inadequate 
scrutiny of the underlying geology, was at 
the heart of all but two of 15 major incidents 
between 1980 and 2015. 

One major problem, he says, is the 
“normalization of deviance.” The phrase, 
coined after the 1986 explosion of the 
space shuttle Challenger, describes how 
engineers can be lulled into accepting a se- 
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ries of seemingly small risks that snowball 
into a catastrophe. 

There is an unwritten covenant that 
regulators and mine owners can count on 
engineers to design a safe tailings system, 
Morgenstern told a gathering of Brazilian 
geotechnical engineers in 2018. “That cov- 
enant,” he said, “has been broken.” 


THE SEARCH IS ON for fixes. Some mining 
watchdogs are calling for replacing one 
common type of dam, called an upstream 
dam, and banning future use of the design. 
Upstream dams are built in stairlike stages, 
heading upstream over the accumulating 
tailings (see graphic, above). Part of the 
weight of each added step is borne by the 
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tailings below. This approach is often the 
cheapest, because the tailings serve as con- 
struction material. 

More than 40% of major tailings dams 
are the upstream design, according to 
a global inventory of more than 1700 
dams recently launched by pension funds 
of Sweden and the Church of England, 
which have pressed the mining industry 
to strengthen environmental and safety 
measures. A study of 8000 tailings dams 
in China found that 95% were upstream 
dams. And such dams are involved in 
three-quarters of tailings dam failures, ac- 
cording to one estimate. 

The problem is that tailings aren’t a pre- 
dictable building material, and they are of- 
ten waterlogged. The water can act like a 
lubricant, reducing the friction that binds 
an earthen dam together. Engineering flaws 
such as poor drainage can exacerbate the 
problem. In extreme cases—such as the 
2019 disaster at the Brazilian iron mine— 
dam sections simply liquefy. 

In Chile, where earthquakes make up- 
stream dams even riskier, the government 
has forbidden the design since 1970. Brazil 
banned them in the wake of the 2019 acci- 
dent, and has ordered the mothballing of all 
upstream dams by 2027. Worldwide, such a 
policy could mean the demise of thousands 
of mines and tailings dams (which could be 
replaced by dams with different designs). 
Although such a change might be expensive 
for companies, right now communities near 
dams are bearing the costs of cheaper con- 
struction, says Payal Sampat of Earthworks, 
a nonprofit group that promotes mining re- 
forms. “That is unacceptable.” 

Some experts caution against a one-size- 
fits-all approach. Upstream dams can per- 
form safely, particularly in places with dry 
climates and few earthquakes, says David 
Williams, a geotechnical engineer at the 
University of Queensland, St. Lucia. “You 
can construct [an upstream dam] to be 
perfectly safe. You can also build it in a not 
so good way.” 

One knowledge gap is an understand- 
ing of the forces that can suddenly turn an 
earthen dam into a liquid river of mud. At 
the Georgia Institute of Technology, geo- 
technical engineer Jorge Macedo is stress 
testing tailings in his lab to document the 
conditions that trigger liquefaction, par- 
ticularly in silt, a little-studied material 
that is common in tailings used to build 
upstream dams. 

Other researchers are looking at bet- 
ter ways to spot dams on the verge of 
failure. Moe Momayez, an engineer and geo- 
physicist at the University of Arizona, is test- 
ing sensors on an Arizona dam that track 
temperature and moisture levels. Some dams 
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are already equipped with radar or lasers that 
watch for worrying bulges. Momayez’s goal is 
to integrate streams of data in a computer 
system that can spot problems that might 
escape periodic inspections. “We have a 
pretty good idea how these tailing dams fail,” 
Momayez says. “The question is, can we pre- 
dict that, can we get ahead of the curve?” 
Some engineers would like to simply 
eliminate the need for massive dams. 
“The best tailings dam is no dam at all,” 
Nelson says. She is studying whether 
mine waste can be melted into glasslike 
fibers that could be used for textiles or 
reinforcing concrete. In June, mining gi- 


Firefighters search for survivors 
in the mud unleashed by a 
2019 tailings dam failure in Brazil. 


ant BHP said it would spend $10 million 
to study such reuse of copper tailings. 

A more mature approach is to wring 
the water from tailings, creating waste the 
consistency of damp earth, which can be 
sculpted into mountains. The leftovers can 
still be toxic, but there’s less danger of a 
devastating flood, says Jan Morrill of Earth- 
works. “Filtered tailings should be consid- 
ered the industry standard,” Morrill says. 

Although the approach has been around 
for decades, it’s rarely used, representing 
just 4% of tailings systems in the pension 
funds’ inventory. Filtered tailings systems 
can cost five to 10 times more than a con- 
ventional dam, says Harvey McLeod, a 
geological engineer who designs tailings 
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dams for Klohn Crippen Berger, a private 
firm. It’s also an enormous challenge to 
process tailings at big mines churning out 
100,000 tons of waste per day, particularly 
in wet climates. “It’s easier said than done,” 
McLeod says. 


MANY GROUPS are also pushing for regula- 
tory and management reforms. After the 
2019 Brazilian disaster, investment funds 
worth more than $10 trillion helped bring 
together officials from industry, govern- 
ment, and the investor group Principles for 
Responsible Investment to create a set of 
global guidelines for tailings dam construc- 


tion. Earlier this month, the coalition issued 
its plan, calling for stiffer engineering stan- 
dards for new dams. It also urges top min- 
ing executives, rather than lower level staff, 
to be responsible for tailings safety, and for 
independent experts to review companies’ 
waste plans. But it doesn’t push for a ban on 
upstream dams. 

Morgenstern notes that similar reforms 
he and others suggested in the late 1990s, 
after an earlier string of dam disasters, were 
never fully embraced. He expects it won’t be- 
come clear until the end of the year whether 
the new proposals will fare better. Still, he’s 
heartened that, after the recent tragedies, 
muddy mine waste is again in the spotlight. 
“The tree,” he says, “has been shaken.” 
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Researchers are working to find new 


uses for red mud, the caustic byproduct 


of aluminum production 
By Robert F. Service 


ractical and glamorous, aluminum 
is prized for making products from 
kitchen foil and beverage cans 
to Tesla Roadsters and aircraft. 
But the silvery metal—abundant, 
cheap, lightweight, and corrosion 
resistant—has a dark side: red 
mud. This brownish red slurry, a 
caustic mishmash of metal- and 
silicon-rich oxides, often with a dash of ra- 
dioactive and rare earth elements, is what’s 
left after aluminum is extracted from ore. 
And it is piling up. Globally, some 3 billion 
tons of red mud are now stored in massive 
waste ponds or dried mounds, making it 
one of the most abundant industrial wastes 
on the planet. Aluminum plants generate 
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an additional 150 million tons each year. 
Red mud has become trouble looking for 
a place to happen. In 2010, an earthen dam 
at one waste pond in Hungary gave way, un- 
leashing a 2-meter-high wall of red mud that 
buried the town of Ajka, killing 10 people and 
giving 150 severe chemical burns. (For more 
on the dangers posed by waste dams, see p. 
907.) Even when red mud remains contained, 
its extreme alkalinity can leach out, poison 
groundwater, and contaminate nearby rivers 
and ecosystems. Such liabilities, as well as 
growing regulatory pressure on industry to 
develop sustainable practices, have catalyzed 
global efforts to find ways to recycle and re- 
use red mud. Some researchers are develop- 
ing ways to extract the valuable rare earth 
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metals, whereas others turn the mud into ce- 
ment or bricks. 

“There is hope here,’ says Yiannis 
Pontikes, a mechanical engineer at the 
Catholic University of Leuven. But eco- 
nomic and marketing hurdles remain, and 
“the clock is ticking” as regulators consider 
new controls, says Efthymios Balomenos, a 
metallurgical engineer at the National Tech- 
nical University of Athens. “At some point 
we will not be able to produce waste. So, 
there is an urgent need to make changes.” 


ALUMINUM IS ONE of the most commonly 
recycled materials, with 75% of all alumi- 
num ever produced still in use. But there 
is an ever-burgeoning demand. Aluminum 
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Aworker inspects ponds 
holding 30 million tons of red 
mud at an aluminum plant 

in Hungary. A 2010 spill from 
the ponds killed 10 people. 


production starts with mining bauxite, a 
rock rich in aluminum oxide that also con- 
tains a wealth of other elements, includ- 
ing silicon, iron, and titanium. Workers 
extract the aluminum with a combination 
of treatments, including caustic chemicals, 
heat, and electricity. What remains is usu- 
ally red, because of the iron, but its exact 
makeup can vary from region to region, de- 
pending on the ore, making it still harder 
to contend with. “The composition of [red 
mud] varies so much it means one [type 
of solution] will not work,” says Brajendra 
Mishra, a materials scientist at the Worces- 
ter Polytechnic Institute. 

One approach that does seem to be work- 
ing is tapping red mud as a source of scan- 
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dium, a rare earth metal used to strengthen 
metal alloys. Researchers have recently 
shown that scandium-aluminum alloys are 
as much as 40% stronger than pure alumi- 
num. That has manufacturers eagerly eye- 
ing the alloy; aircraft manufacturers, for 
instance, could use it to build planes that 
have lighter aluminum framing and burn 
less fuel. But scandium currently costs 
$3500 per kilogram, so there’s plenty of in- 
centive to find new, cheaper sources. 

Scientists have come up with several 
ways to purify scandium from red mud. 
Balomenos’s group, for example, has shown 
it can use both sulfuric acid and compounds 
called ionic liquids to extract the rare earth. 
Ultimately, red mud could meet 10% of Eu- 
rope’s demand for scandium, Balomenos 
says. Rusal, one of the largest aluminum 
producers in the world, is already building 
a pilot plant that uses related methods to 
extract scandium from red mud at one of 
its facilities in the Ural Mountains of Rus- 
sia. But scandium makes up only about 140 
parts per million of red mud, Pontikes notes, 
so “99.99% of the residue” still remains. 


OTHER APPROACHES aim to use more of 
the waste. One idea is to harness red mud, 
which is typically 40% to 70% iron oxide, 
to make iron-rich cements. The world uses 
more than 4 billion tons of cement per year, 
mostly as the binder in concrete. The most 
common version is Portland cement, made 
from calcium silicates that react with water 
to make create a tough, hard matrix. 

But in 2015, researchers in New Zealand 
reported that by adding a common cement 
additive called silica fume to red mud, 
together with a modest amount of iron, 
they could create a cement with roughly 
the same hardness as Portland cement. 
Pontikes and his colleagues are working to 
extend these findings, by developing recipes 
that would enable manufacturers to make 
cement from a wide range of red muds 
with varying iron concentrations. The team 
hopes red mud could become a source of 
both the extra iron added to their cements 
and the alkaline compounds needed to cata- 
lyze the hardening reactions. 

In the meantime, Pontikes’s lab is already 
producing about 1000 kilograms of iron- 
rich cements per day. They’ve even used 
their product for demonstration projects, 
such as a 2-ton staircase made with ultra- 
high-strength concrete. “This is no longer a 
lab-scale endeavor,’ Pontikes says. He’s be- 
gun to talk with companies about making 
the cement on an industrial scale. 

Red mud could form the basis for other 
construction materials. Pontikes and his 
team have found that if they add about 
10% clay and silicate minerals to red mud 
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and bake the mixture in a furnace, they can 
make bricks able to withstand 80 megapas- 
cals of compressive force, 40 times more 
than conventional bricks. They’re now look- 
ing to scale up the technique, which could 
be used to make everything from roofing 
tiles to sidewalk pavers. 

Because of its chemistry, red mud can also 
capture and lock away carbon dioxide (CO,), 
the major climate warming gas. In Australia, 
aluminum producer Alcoa bubbles CO, into 
red mud, creating a mild acid that reacts 
with the alkaline waste, forming carbon- 
ate minerals that turn the red mud into red 
sand that can be used to level road beds. The 
company estimates that the red mud from a 
single aluminum refinery can lock up 70,000 
tons of CO, per year, equivalent to taking 
more than 15,000 cars off the road. 


YET THESE GLIMMERS of progress could fade, 
Balomenos says, just as earlier hopes have. 
Since 1964, he notes, researchers have pat- 
ented some 700 uses for red mud, includ- 
ing tapping it to make decorative ceramics, 
dyes, and even fertilizer. Yet just 3% of red 
mud is currently recycled. 

One major reason is that many schemes 
envision using red mud to make commodi- 
ties that are already cheap and produced 
with methods that have been optimized 
over a century or more. In addition, red 
mud isn’t easy to handle. The iron industry 
has shied away from extracting the metal 
from it, for example, because the caustic 
waste destroys key components in their 
smelters. “The industry has iron ore avail- 
able with much better quality,’ Mishra says. 

Balomenos argues that countries could 
push progress by establishing zero waste 
mandates for aluminum makers, or other in- 
centives that force companies to recycle red 
mud instead of letting it pile up. The Euro- 
pean Union has considered instituting a tax 
on waste deposited in landfills, for example. 
But it hasn’t done so, and there appears to 
be little appetite elsewhere for similar ideas. 

Another obstacle, Balomenos says, is in- 
ternational opposition to allowing hazard- 
ous materials to cross borders. As a result, 
it can be cumbersome and costly to move 
red mud that contains even trace amounts 
of heavy metals or radioactivity. For now, he 
says, simply putting the waste in a landfill is 
both cheaper and far simpler. 

Finally, there is the question of con- 
sumer acceptance. Even if scientists and 
engineers manage to come up with a suite 
of practical uses for red mud, consumers 
still have the final say in whether they will 
buy products with such a noxious start- 
ing point. “Will you use roofing tiles made 
with red mud?” Pontikes asks. “It’s up to 
the market to say ‘yes,’” 
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Knowledge transfer for large- 
scale vaccine manufacturing 


Massive, rapid production will require firms to share 
know-how not just about what to make but how to make it 


By W. Nicholson Price II*?, Arti K. Rai, 
Timo Minssen? 


s the world rushes to identify safe and 
effective vaccines and therapeutics to 
counter the coronavirus disease 2019 
(COVID-19) pandemic, attention is 
turning to the next step: manufactur- 
ing these products at enormous scale. 
To speed up the process, firms are even es- 
tablishing manufacturing capacity “at risk,” 
before products receive regulatory approval 
(1). Yet for at least some complex COVID-19 
vaccines and biological therapeutics, fast 
manufacturing, particularly of products 
originally developed by other firms, will re- 
quire not only physical capacity but also ac- 
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cess to knowledge not contained in patents 
or in other public disclosures; one reason for 
the expense and delay historically associated 
with entry of biosimilars into the market 
has been the cost and time associated with 
reverse engineering originator firms’ manu- 
facturing processes (2). But a change may 
be coming. A group of six biopharmaceuti- 
cal firms researching monoclonal antibody 
(mAb) candidates recently sought [and the 
US. Department of Justice (DOJ) granted] 
permission under antitrust law to exchange 
“technical information” on each other’s man- 
ufacturing processes and platforms (but not 
information on cost or price) (3). A focus on 
rapid information exchange of the sort re- 
cently encouraged by the DOJ will not only 
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be critical for the current crisis but could also 
create the foundation for fewer siloes, im- 
proved standardization, and less secrecy over 
manufacturing information in the future. 


METHODS, KNOW-HOW, AND SECRECY 
Knowledge transfer can facilitate manufac- 
turing scale-up in multiple contexts. Most 
straightforwardly, other firms may need to 
manufacture the “winning” vaccine of an 
originator firm under some form of license 
that encompasses transfer of know-how. 
Knowledge of one firm’s processes can also 
facilitate the manufacturing efforts of firms 
with other vaccines, particularly if the vac- 
cines use the same manufacturing platform. 
And sometimes, a firm may even need knowl- 
edge held by others to make its own prod- 
uct in large quantities. For example, Inovio 
claimed in a June court filing that its own ex- 
perimental vaccine is being held “hostage” by 
a contract manufacturer that refuses to share 
manufacturing details (4). 

One might reasonably ask why robust 
dissemination of manufacturing knowledge 
for complex biologics is only beginning to 
emerge, given the longstanding dominance 
of patenting in biopharmaceutical innova- 
tion and the legal requirement that patents 
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Workers prepare a production line at the Bio Farma 
Pharmacy in West Java to produce a COVID-19 
coronavirus vaccine. Sharing of manufacturing 
know-how across firms will be critical. 


disclose how to make the products they 
cover. Regrettably, for reasons related to the 
early timing of when patent applications are 
filed and failure on the part of patent offices 
to enforce disclosure obligations, patents on 
biologic products often fail to disclose neces- 
sary manufacturing information (2). 

Reliance on manufacturing secrecy (in- 
cluding secrecy that improperly overlaps 
with patent protection over the manufac- 
tured products) is not specific to the phar- 
maceutical industry. But secrecy in other 
industries has generally been more time- 
limited than it has been with complex bio- 
logics. In the latter case, the combination of 
tight regulatory control over biologic prod- 
ucts and complex and sometimes idiosyn- 
cratic manufacturing methods has slowed 
both competition and innovation. 

To be sure, product lines differ, and cri- 
ses can be valuable catalysts. As noted, in 
the case of mAbs and the COVID-19 crisis, 
large biopharmaceutical firms are now 
willing to share—and perhaps ultimately 
standardize on the basis of—information 
that they might previously have viewed as 
providing at least some competitive advan- 
tage (5). The available evidence suggests, 
however, that vaccine manufacturing still 
lacks standardization, even within manu- 
facturing platforms (6). And some new vac- 
cine technology platforms, such as mRNA, 
have never been manufactured at scale. 
Given this variation, the persistence of se- 
crecy is unsurprising. 

But maintaining pervasive secrecy for 
manufacturing COVID-19 vaccines during 
the pandemic could cause dramatic failure. 
Relevant information for quick and effective 
scale-up must be readily available. Vaccines 
are being developed in a massively paral- 
lel fashion; the World Health Organization 
(WHO) reports that as of 31 July 2020, there 
are 26 candidates in clinical evaluation and 
139 candidates in preclinical evaluation. 
Preparations for manufacturing scale-up of 
vaccines are taking place before a single ef- 
fective vaccine has been identified, let alone 
multiple vaccines (7). Along the way, firms 
are developing information about manufac- 
turing, both of the specific product at issue 
and of vaccine manufacture more generally. 
This information is added to existing firm- 
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specific stocks of knowledge about how to 
make products. 

Greater sharing of firm-specific manufac- 
turing knowledge—as well as firm-specific 
and otherwise secret manufacturing precur- 
sors, such as cell lines and production soft- 
ware—help the information ecosystem gener- 
ally. Especially for more established platforms, 
knowledge transfer could promote standard- 
ized best practices across the industry. Newer 
technologies could also benefit from greater 
background or case-specific knowledge. For 
example, even mRNA vaccines, which should 
be simpler to make than traditional vaccines 
(7), appear to have involved technology trans- 
fer—that is, transfer of both knowledge and 
material—to other firms (8). And nongov- 
ernmental organizations (NGOs) such as the 
Coalition for Epidemic Preparedness (CEPI) 
appear to build into their funding contracts 
provisions for technology transfer to addi- 
tional parties that may be needed to perform 
manufacturing (J). Similarly, an 11 August 
2020 Securities and Exchange Commission 
filing by the firm Moderna indicates that 
at least some U.S. government contracts 
build in provisions for technology transfer 
in the event of the firm’s decision to termi- 
nate production. 

Although individual contracts that antici- 
pate technology transfer are important, when 
the products that will ultimately be made at 
scale are as-yet unidentified, broader efforts 
to ensure their eventual scalability should 
happen as quickly as possible so that all 
potential manufacturers are prepared once 
the right candidates are identified. This is 
particularly true given U.S. government pro- 
nouncements that capacity established dur- 
ing the scale-up for potential vaccines will be 
used regardless of which firm has developed 
capacity, requiring the ability to retrofit and 
adapt facilities to products different from 
their initial design parameters. 

As with mAbs, we see signs in the vac- 
cine context that some firms are open to 
more collaboration and knowledge-sharing 
than in the ordinary course. Sanofi and 
GlaxoSmithKline have entered a collabora- 
tion for the development of a joint vaccine, 
which likely requires at least some technol- 
ogy transfer about production of the under- 
lying vaccine elements (9). Robust knowl- 
edge-sharing across platforms and products 
should be commonplace during the pan- 
demic response. 

Transferring such knowledge may not be 
trivial. Aside from the competitive concerns, 
some knowledge may be tacit—that is, more 
context-specific, based on experience, and 
more difficult to codify. The tacit knowledge 
concern may be less acute for biopharmaceu- 
tical products than other goods, however, for 
the simple reason that regulatory approval 
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typically requires the extensive codification 
of tacit manufacturing knowledge. 

Where knowledge is already explicit 
and codified, whether in regulatory filings 
or elsewhere, that knowledge should be 
shared, at least as a club good within the 
universe of major industry players working 
to develop COVID-19 vaccines or, ideally, 
even more broadly. If explicit knowledge is 
codified in patents, pooling of those patent 
rights or other licenses should also be pur- 
sued, although patents surrounding manu- 
facturing processes generally reveal little 
information and are therefore particularly 
unhelpful as a vehicle of knowledge trans- 
fer for manufacturing (2). And where tacit 
knowledge has not been codified at all, col- 
laboration should include efforts to explore 
and share such tacit knowledge. 


INCENTIVES, ACTORS, AND REALPOLITIK 
Several entities might facilitate this type of 
knowledge transfer, at least if they could pro- 
vide the right incentives and potentially the 
administrative infrastructure for such shar- 
ing to occur. In determining the best facili- 
tators, international aspects are key because 
knowledge transfer will necessarily occur 
across borders. 

Existing international organizations are 
one set of candidates. WHO is currently pro- 
moting the idea of a COVID-19 intellectual 
property (IP) pool (0). Although patents 
seem not to be the key barrier to successful 
scale-up, the pool as organized does include 
provisions related to nonpatent knowledge 
transfer. Under the proposal, any govern- 
ment, pharmaceutical company, or organiza- 
tion developing COVID-19 vaccines or tests 
could transfer its IP to WHO on a voluntary, 
uncompensated basis. It is unclear how 
much uncompensated transfer of know-how 
this pool will receive, and there appears to be 
some industry resistance (17). 

National governments can and should 
also address issues of knowledge transfer. 
Although the rhetoric of war on the virus 
might suggest all-out government coordina- 
tion along the lines of the U.S. government’s 
mass production of penicillin during World 
War II (72), it is unclear how broadly the cur- 
rent federal government will invoke its more 
coercive powers. At the moment, the U.S. 
government, operating primarily through 
Operation Warp Speed, appears focused on 
using the lure of very substantial funding to 
secure future supply of various vaccine candi- 
dates. Specifically, the United States has com- 
mitted billions of dollars to multiple vaccine 
manufacturers (Astra-Zeneca, J&J, Novavax, 
Moderna, Pfizer, and Sanofi/GSK), with each 
contract aiming to secure hundreds of mil- 
lions of doses and manufacturing platforms 
ranging from viral vectors (AstraZeneca and 
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J&J) to RNA (Moderna and Pfizer) to protein 
subunit (Novavax and Sanofi/GSK). 

Particularly given the U.S. government’s 
commitment to use all capacity available, 
regardless of the winner vaccine(s), a gov- 
ernment commitment could usefully require 
transfer of manufacturing know-how across 
firms with which it has contracted. A con- 
tract manufacturing firm to which the U.S. 
government has given hundreds of millions 
of dollars, Emergent Biosolutions, is already 
committed to manufacturing for J&J, Astra- 
Zeneca, and Novavax and could therefore 
serve as a natural locus for such knowledge 
transfer. Of course, like the exchange of 
mAb manufacturing information recently 
approved by DOJ, such transfer would be 
limited to a few firms. And unlike the DOJ 
process, any process that may be occurring 
through Warp Speed is not transparent (73), 
which might be highly problematic from a 
competition and antitrust law perspective. 

Regional organizations could also facili- 
tate knowledge transfer. For example, given 
the substantial resources that the European 
Union (EU) has committed to a vaccine and 
the EU’s demonstrated commitment to data 
sharing and willingness to allow some phar- 
maceutical sector cooperation under EU 
competition law, the EU might be well suited 
to using the lure of funding to nudge firms 
toward knowledge transfer (74). Ideally, this 
would be done through a transparent process 
such as the DOJ review letter. 

NGOs could also be an option for facili- 
tating knowledge transfer. NGOs such as 
CEPI are providing funding for some vaccine 
candidates; they could condition receipt of 
funds on the contribution of manufacturing 
knowledge to a central pool of information. 
Even if NGOs were not able to bargain for 
such general sharing, if each agreement in- 
cludes a requirement to provide knowledge 
transfer to other manufacturers funded by 
the NGO, such provisions would widen the 
base of available knowledge. This approach 
has worked in the past in the semiconduc- 
tor industry, where the U.S. government-led 
partnership SEMATECH increased knowl- 
edge transfer across the industry (15). 

Whatever the facilitator, the knowledge 
transfer could take different forms. One 
model would provide open access to essen- 
tial information—including patents, know- 
how, and critical components—to all com- 
ers, without need of licensing. This would 
maximize access but decrease private sector 
incentives and strikes us as politically chal- 
lenging. Another would leave all knowledge 
transfer to purely private mechanisms (if 
permitted by antitrust authorities). But his- 
tory suggests that purely private mecha- 
nisms are unlikely to transfer enough knowl- 
edge quickly. An intermediate position, 
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which seems more feasible, would leave con- 
trol with the originator firm but use the lure 
of funds to require early knowledge transfer 
and licensing to third parties necessary for 
adequate scale-up and production—knowl- 
edge transfer that occurred even before the 
product was a clear success. 

It is possible, perhaps even likely, that 
some or all of the ongoing efforts to facili- 
tate product development and manufactur- 
ing may already include provisions to foster 
knowledge transfer, including codification 
of tacit knowledge and the sharing of other- 
wise-secret manufacturing process informa- 
tion. Certainly, the recent activity by manu- 
facturers of mAbs suggests a recognition that 
knowledge transfer is important. However, 
unlike the business review letter from DOJ, 
the contracts that have been executed by 
Warp Speed are not public. Although the 
NGO Knowledge Ecology International has 
used Freedom of Information Act requests to 
secure outlines of a few contracts, almost all 
key information is redacted as commercially 
confidential. Ironically, this may include in- 
formation on knowledge sharing. 


BROADER IMPLICATIONS 

Although the issues described here apply 
most directly to COVID-19 vaccines and 
therapeutics, a push for information shar- 
ing of manufacturing know-how could have 
broader positive effects across the industry. 
Where highly complementary skill sets and 
know-how are brought to the table and more 
problematic collaborations on costs and 
prices are excluded, as specified in the recent 
DOJ letter, this can also have a positive effect 
on competition in the sector. However, where 
the know-how of foreign companies is part of 
the deal, such as in the recent U.S. mAb agree- 
ment, the long-term effects on fair global 
competition and international sensitivities 
should also be considered very carefully. 

In the most transformative scenario, ro- 
bust sharing of manufacturing information 
in the current crisis could drive more robust 
sharing of such information more gener- 
ally. Rather than relying on secrecy to limit 
competition in the underlying products, 
firms could share basic information about 
manufacturing processes, enabling greater 
innovation, flexibility, and quality. Outside 
the COVID-19 context, the current levers for 
maintaining exclusivity in the underlying 
products—patents and regulatory market 
and data exclusivity—could still shape com- 
petition rather than manufacturing secrecy, 
which impedes any transfer of information 
outside firms. Sharing in the pandemic could 
catalyze an industry-wide move to a high- 
information, high-innovation state of manu- 
facturing, overcoming the collective action 
problem inherent in any one firm disclosing 
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more on its own and confronting the free- 
rider dilemma directly. 

Of course, transformation is easy to call 
for and difficult to achieve. Even without 
transformation—that is, in the scenario in 
which pharmaceutical companies main- 
tain secrecy over manufacturing informa- 
tion that does not relate to COVID-19 vac- 
cines and therapeutics—one-time sharing 
of knowledge could still advance the field’s 
collective understanding. Such an outcome 
would be a missed opportunity for long- 
term broader change but would still carry 
substantial benefits, even outside those 
arising from improved manufacturing dur- 
ing the pandemic. 

Whatever the long-term effects on indus- 
try innovation, the most important goal is 
to make high-quality vaccines for COVID-19 
available as quickly and broadly as possible. 
To pursue that goal and to promote global 
solidarity and reciprocity, the policy-makers 
and companies jointly engaged in the world- 
wide race to develop CoVID-19 drugs and 
vaccines should share information about how 
to actually make them. 
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ARTIFICIAL INTELLIGENCE 


The foundation 
of efficient 
robot learning 


Innate structure reduces 
data requirements 
and improves robustness 


By Leslie Pack Kaelbling 


he past 10 years have seen enormous 

breakthroughs in machine learn- 

ing, resulting in game-changing ap- 

plications in computer vision and 

language processing. The field of 

intelligent robotics, which aspires to 
construct robots that can perform a broad 
range of tasks in a variety of environments 
with general human-level intelligence, has 
not yet been revolutionized by these break- 
throughs. A critical difficulty is that the nec- 
essary learning depends on data that can 
only come from acting in a variety of real- 
world environments. Such data are costly to 
acquire because there is enormous variabil- 
ity in the situations a general-purpose robot 
must cope with. It will take a combination 
of new algorithmic techniques, inspiration 
from natural systems, and multiple levels of 
machine learning to revolutionize robotics 
with general-purpose intelligence. 

Most of the successes in deep-learning 
applications have been in supervised ma- 
chine learning, a setting in which the learn- 
ing algorithm is given paired examples of 
an input and a desired output and it learns 
to associate them. For robots that execute 
sequences of actions in the world, a more 
appropriate framing of the learning prob- 
lem is reinforcement learning (RL) (J), in 
which an “agent” learns to select actions 
to take within its environment in response 
to a “reward” signal that tells it when it is 
behaving well or poorly. One essential dif- 
ference between supervised learning and 
RL is that the agent’s actions have substan- 
tial influence over the data it acquires; the 
agent’s ability to control its own exploration 
is critical to its overall success. 


Computer Science and Artificial Intelligence Laboratory 
and Center for Brains, Minds, and Machines, 
Massachusetts Institute of Technology, Cambridge, MA, 
USA. Email: |pk@csail.mit.edu 


SCIENCE sciencemag.org 


General-purpose robots are being designed to help with domestic tasks. However, developing the learning 
applications needed to allow robots to undertake even simple tasks is extremely challenging. 


The original inspirations for RL were mod- 
els of animal behavior learning through re- 
ward and punishment. If RL is to be applied 
to interesting real-world problems, it must 
be extended to handle very large spaces of 
inputs and actions and to work when the re- 
wards may arrive long after the critical action 
was chosen. New “deep” RL (DRL) methods, 
which use complex neural networks with 
many layers, have met these challenges and 
have resulted in stunning performance, in- 
cluding solving the games of chess and Go 
(2) and physically solving Rubik’s Cube with 
a robot hand (3). They have also seen use- 
ful applications, including energy efficiency 
improvement in computer installations. On 
the basis of these successes, it is tempting to 
imagine that RL might completely replace 
traditional methods of engineering for robots 
and other systems with complex behavior in 
the physical world. 

There are technical reasons to resist this 
temptation. Consider a robot that is designed 
to help in an older person’s household. The 
robot would have to be shipped with a con- 
siderable amount of prior knowledge and 
ability, but it would also need to be able to 
learn on the job. This learning would have to 
be sample efficient (requiring relatively few 
training examples), generalizable [applicable 
to many situations other than the one(s) it 
learned], compositional (represented in a 
form that allows it to be combined with pre- 
vious knowledge), and incremental (capable 
of adding new knowledge and abilities over 
time). Most current DRL approaches do not 
have these properties: They can learn surpris- 
ing new abilities, but generally they require a 
lot of experience, do not generalize well, and 
are monolithic during training and execution 
(i.e., neither incremental nor compositional). 

How can sample efficiency, generalizabil- 
ity, compositionality, and incrementality be 
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enabled in an intelligent system? Modern 
neural networks have been shown to be ef- 
fective at interpolating: Given a large num- 
ber of parameters, they are able to remember 
the training data and make reliable predic- 
tions on similar examples (4). To obtain 
generalization, it is necessary to provide “in- 
ductive bias,’ in the form of built-in knowl- 
edge or structure, to the learning algorithm. 
As an example, consider an autonomous 
car with an inductive bias that its braking 
strategy need only depend on cars within 
a bounded distance of it. Such a car’s intel- 
ligence could learn from relatively few ex- 
amples because of the limited set of possible 
strategies that would fit well with the data 
it has observed. Inductive bias, in general, 
increases sample efficiency and generaliz- 
ability. Compositionality and incrementality 
can be obtained by building in particular 
types of structured inductive bias, in which 
the “knowledge” acquired through learning 
is decomposed into factors with independent 
semantics that can be combined to address 
exponentially more new problems (5). 

The idea of building in prior knowledge 
or structure is somewhat fraught. Richard 
Sutton, a pioneer of RL, asserted (6) that 
humans should not try to build any prior 
knowledge into a learning system because, 
historically, whenever we try to build some- 
thing in, it has been wrong. His essay incited 
strong reactions (7), but it identified the criti- 
cal question in the design of a system that 
learns: What kinds of inductive bias can be 
built into a learning system that will give it 
the leverage it needs to learn generalizable 
knowledge from a reasonable amount of data 
while not incapacitating it through inaccu- 
racy or overconstraint? 

There are two intellectually coherent strat- 
egies for finding an appropriate bias, with 
different time scales and trade-offs, that can 


21 AUGUST 2020 + VOL 369 ISSUE 6506 915 


INSIGHTS | PERSPECTIVES 


be used together to discover powerful and 
flexible prior structures for learning agents. 
One strategy is to use the techniques of ma- 
chine learning at the “meta” level—that is, to 
use machine learning offline at system design 
time (in the robot “factory”) to discover the 
structures, algorithms, and prior knowledge 
that will enable it to learn efficiently online 
when it is deployed (in the “wild”). 

The basic idea of meta-learning has been 
present in machine learning and statistics 
since at least the 1980s (8). The fundamental 
idea is that in the factory, the meta-learning 
process has access to many samples of pos- 
sible tasks or environments that the system 
might be confronted with in the wild. Rather 
than trying to learn strategies that are good 
for an individual environment, or even a 
single strategy that works well in all the 
environments, a meta-learner tries to learn 
a learning algorithm that, when faced with 
a new task or environment in the wild, will 
learn as efficiently and effectively as possible. 
It can do this by inducing the commonalities 
among the training tasks and using them to 
form a strong prior or inductive bias that al- 
lows the agent in the wild to learn only the 
aspects that differentiate the new task from 
the training tasks. 

Meta-learning can be very beautifully and 
generally formalized as a type of hierarchi- 
cal Bayesian (probabilistic) inference (9) in 
which the training tasks can be seen as pro- 
viding evidence about what the task in the 
wild will be like, and using that evidence 
to leverage data obtained in the wild. The 
Bayesian view can be computationally diffi- 
cult to realize, however, because it requires 
reasoning over the large ensemble of tasks 
experienced in the factory that might poten- 
tially include the actual task in the wild. 

Another approach is to explicitly character- 
ize meta-learning as two nested optimization 
problems. The inner optimization happens in 
the wild: The agent tries to find the hypoth- 
esis from some set of hypotheses generated 
in the factory that has the best “score” on the 
data it has in the wild. This inner optimiza- 
tion is characterized by the hypothesis space, 
the scoring metric, and the computer algo- 
rithm that will be used to search for the best 
hypothesis. In traditional machine learning, 
these ingredients are supplied by a human 
engineer. In meta-learning, at least some as- 
pects are instead supplied by an outer “meta” 
optimization process that takes place in the 
factory. Meta-optimization tries to find pa- 
rameters of the inner learning process itself 
that will enable the learning to work well in 
new environments that were drawn from the 
same distribution as the ones that were used 
for meta-learning. 

Recently, a useful formulation of meta- 
learning, called “model-agnostic meta-learn- 
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ing” (MAML), has been reported (10). MAML 
is a nested optimization framework in which 
the outer optimization selects initial values 
of some internal neural network weights 
that will be further adjusted by a standard 
gradient-descent optimization method in the 
wild. The RL2 algorithm (7) uses DRL in the 
factory to learn a general small program that 
runs in the wild but does not necessarily have 
the form of a machine-learning program. 
Another variation (72) seeks to discover, in 
the factory, modular building blocks (such as 
small neural networks) that can be combined 
to solve problems presented in the wild. 

The process of evolution in nature can 
be considered an extreme version of meta- 
learning, in which nature searches a highly 
unconstrained space of possible learning al- 
gorithms for an animal. (Of course, in nature, 
the physiology of the agent can change as 
well.) The more flexibility there is in the in- 
ner optimization problem solved during a ro- 
bot’s lifetime, the more resources—including 
example environments in the factory, broken 
robots in the wild, and computing capacity 
in both phases—are needed to learn robustly. 
In some ways, this returns us to the initial 
problem. Standard RL was rejected because, 
although it is a general-purpose learning 
method, it requires an enormous amount of 
experience in the wild. However, meta-RL re- 
quires substantial experience in the factory, 
which could make development infeasibly 
slow and costly. Thus, perhaps meta-learning 
is not a good solution, either. 

What is left? There are a variety of good 
directions to turn, including teaching by 
humans, collaborative learning with other 
robots, and changing the robot hardware 
along with the software. In all these cases, 
it remains important to design an effective 
methodology for developing robot software. 
Applying insights gained from computer 
science and engineering together with in- 
spiration from cognitive neuroscience can 
help to find algorithms and structures that 
can be built into learning agents and pro- 
vide leverage to learning both in the factory 
and in the wild. 

A paradigmatic example of this approach 
has been the development of convolutional 
neural networks (73). The idea is to design a 
neural network for processing images in such 
a way that it performs “convolutions’—local 
processing of patches of the image using the 
same computational pattern across the whole 
image. This design simultaneously encodes 
the prior knowledge that objects have basi- 
cally the same appearance no matter where 
they are in an image (translation invariance) 
and the knowledge that groups of nearby 
pixels are jointly informative about the con- 
tent of the image (spatial locality). Designing 
a neural network in this way means that it 
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requires a much smaller number of param- 
eters, and hence much less training, than do- 
ing so without convolutional structure. The 
idea of image convolution comes from both 
engineers and nature. It was a foundational 
concept in early signal processing and com- 
puter vision (74), and it has long been under- 
stood that there are cells in the mammalian 
visual cortex that seem to be performing a 
similar kind of computation (15). 

It is necessary to discover more ideas like 
convolution—that is, fundamental structural 
or algorithmic constraints that provide sub- 
stantial leverage for learning but will not pre- 
vent robots from reaching their potential for 
generally intelligent behavior. Some candi- 
date ideas include the ability to do some form 
of forward search using a “mental model” of 
the effects of actions, similar to planning or 
reasoning; the ability to learn and represent 
knowledge that is abstracted away from indi- 
vidual objects but can be applied much more 
generally (e.g., for all A and B, if A is on top 
of B and I move B, then A will probably move 
too); and the ability to reason about three- 
dimensional space, including planning and 
executing motions through it as well as us- 
ing it as an organizing principle for memory. 
There are likely many other such plausible 
candidate principles. Many other problems 
will also need to be addressed, including how 
to develop infrastructure for training both in 
the factory and in the wild, as well as meth- 
odologies for helping humans to specify the 
rewards and for maintaining safety. It will 
be through a combination of engineering 
principles, biological inspiration, learning 
in the factory, and ultimately learning in 
the wild that generally intelligent robots 
can finally be created. 
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A glycoprotein in urine binds 
bacteria and blocks infections 


Direct imaging of a human fluid illuminates the molecular 
basis of urinary tract protection from disease 


By Wanda Kukulski 


uman urinary tracts are highly 
susceptible to bacterial infections. 
Pathogenic bacteria initiate infec- 
tions by attaching to sugar chains 
(glycans) exposed on the surface of 
the urinary tract epithelium (J). It 
has long been suspected that uromodu- 
lin (UMOD)—the most abundant protein 
in human urine—prevents bacteria from 
binding to urinary tract glycans, thus de- 
fending the organism from such infections 
(2). However, the mechanism underly- 
ing this protection has remained 
elusive. Now, on page 1005 of this 
issue, Weiss et al. reveal, at the 
molecular level, how UMOD fila- 
ments interact with uropathogenic 
Escherichia coli cells in human 
urine (3). These results provide a 
structural basis for understanding 
the protective function of UMOD. 
UMOD forms filaments first visu- 
alized by electron microscopy more 
than 60 years ago (4). Despite these 
early images, the filaments’ struc- 
tural organization 
which is, in part, why the protective 
role of UMOD has eluded scien- 
tists. An important hint regarding 
UMOD function came from the fact 
that myriad glycans decorate the 
filaments, possibly presenting bac- 
teria with binding opportunities 
that compete with glycan receptors 
on the urinary tract walls (5). 
Weiss et al. deciphered a compre- 
hensive map of the glycosylation 
pattern of UMOD, the structure of 
UMOD filaments, and the nature 
of bacteria-filament interaction. 
Infective E. coli cells attach to the 
urinary tract epithelium through 
needlelike structures called pili. At 
their tip, E. coli type I pili consist 
of the protein FimH (type 1 fimbrin 
D-mannose specific adhesin) (6). 
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The authors show that the armlike struc- 
tures extending from UMOD filaments in- 
teract with FimH. The interaction between 
UMOD and FimH is biochemically strong 
and likely leads to stable binding. Indeed, 
Weiss et al. show that through this bind- 
ing, UMOD mediates the stable formation 
of clumps of bacteria. 

The suggested mechanism of UMOD- 
based defense is notably simple and robust: 
The abundant UMOD filaments outcom- 
pete receptors on the urinary tract walls in 
binding to bacterial pili. Each flexible fila- 
ment has multiple binding sites, and each 


Filaments fight infection 
Uromodulin (UMOD) forms filaments that compete with the adhesion 
of uropathogens to the urinary tract epithelium. By binding to bacterial 
pili, UMOD filaments corral uropathogens, block bacterial adhesion 

in the urinary tract, and permit pathogen clearance through urination. 
FimH, type 1 fimbrin D-mannose specific adhesin. 
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bacterium can have several pili. Therefore, 
this multitude of interactions causes bac- 
terial aggregation, effectively preventing 
individual bacterial cells from attaching to 
and infecting the urinary tract. In case of 
the E. coli strain studied by Weiss et al., 
the interaction between UMOD and bacte- 
rial cells occurs through specific binding of 
FimH to a glycan at asparagine 275 of the 
UMOD protein (see the figure). 

However, UMOD contains several other 
complex glycosylation sites whose func- 
tions have not yet been dissected. A com- 
pelling possibility is that these serve as 
binding sites for proteins of other uro- 
pathogenic bacteria. In line with this idea, 
when Weiss et al. imaged urine from pa- 
tients infected with different bacteria, 
namely Klebsiella, Pseudomonas, and 
Streptococcus, the authors found similarly 
aggregated bacterial cells embedded in 
UMOD filaments. Given its implication 
in various aspects of kidney function (7), 
UMOD might have other molecular roles 
that rely on its distinct glycosylation pat- 
tern or its adoption of a filamentous struc- 
ture, besides protection from bac- 
terial infections. 

What has enabled this break- 
through in understanding of the 
association between UMOD and 
uropathogenic bacteria? The care- 
ful and systematic mass spectrom- 
etry data for the glycosylation map 
laid the foundation for resolving 
this mystery. The key, however, 
was the integration of these data 
with cryo-electron tomography 
(cryo-ET). This electron micros- 
copy (EM)-based method allows 
one to visualize three-dimensional 
architectures of near-natively pre- 
served samples at a resolution 
high enough to see_ individual 
macromolecules. Cryo-ET can be 
applied to samples that are too ir- 
regular, large, or heterogenous for 
cryo-EM, which allows cryo-ET 
to span the range from purified 
samples to complex reconstitu- 
tions with diverse components and 
even undisturbed cellular samples. 
Similar to cryo-EM data, cryo-ET 
data can be processed by averaging 
structures in subvolumes, thereby 
further increasing the resolution 
(8). Whereas cryo-EM is currently 
revolutionizing structural biology 
by visualizing protein structures 
at atomic resolution (9), cryo-ET 
lags behind in terms of resolution, 
although for certain structures a 
resolution better than 5 A can be 
achieved (0, 11). 
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A singular asset of cryo-ET, however, is 
its ability to seamlessly investigate a struc- 
ture across multiple scales of complexity. 
The power of this approach is demon- 
strated impressively in this study. The 
authors used cryo-ET followed by subto- 
mogram averaging to determine the archi- 
tecture of purified native UMOD filaments 
and the interaction region between UMOD 
filaments and FimH. They also used cryo- 
ET to image the binding of bacterial cells 
to UMOD. The visualization of entangled 
bacteria is particularly notable, as it in- 
volved direct imaging of unprocessed urine 
from patients diagnosed with urinary tract 
infections. 

Although cryo-ET continues to provide 
unprecedented views of large macromolec- 


“wlirectly imaging a human 
fluid...represents a milestone by 
demonstrating the potential 

of cryo-electron tomography 
for biomedical imaging.” 


ular assemblies and cellular architecture 
(12, 13), its application to primary samples 
of human origin is thus far scarce (14). The 
approach taken by Weiss et al.—to assess 
the molecular basis of disease by directly 
imaging a human fluid—is conceptually 
simple, yet represents a milestone by dem- 
onstrating the potential of cryo-ET for bio- 
medical imaging. Future studies likely will 
expand the use of cryo-ET to explore fun- 
damental questions on the role of supra- 
molecular architecture in human health 
and disease. 
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LIQUID CRYSTALS 


When the smallest details count 


The type of liquid crystals formed by smooth colloidal rods 
depends on their degree of curvature 


By Maria Helena Godinho 


atural and synthetic micro- and 

nanoparticles—in an appropriate 

solvent and within a given range of 

concentration, pressure, and tempera- 

ture—can form colloidal liquid crystal- 

line systems that combine the optical 
properties of crystals (anisotropy) and the 
fluidity of liquids. The particles are largely 
anisotropic, with one or two characteristic 
dimensions much larger than the third. The 
particles can also be bent or curved or, if de- 
rived from natural materials, can have chi- 
ral interactions, all of which can affect how 
the particles self-assemble and form liquid 
crystalline phases. On page 950 of this issue, 
Fernandez-Rico et al. (1) report on a simple 
method allowing the production of large 
quantities of polydisperse colloidal synthetic 
rods from a viscous photoresin. They im- 
posed a well-controlled curvature on these 
rods by fine-tuning the cross-link density of 
the resin and the temperature. They show 
that curvature has pronounced effects on the 
liquid crystalline phase behavior. 

Bawden et al. (2) first reported the forma- 
tion of colloidal liquid crystals in aqueous 
solutions of rodlike tobacco mosaic virus. 
Later, Onsager (3) used entropic arguments 
to explain the formation of parallel align- 
ment (nematic phase) of long, hard rods from 
a disorder phase. For ellipsoidal particles, in 
addition to the nematic phase, helicoidal 
structures (chiral nematic order), which are 
characterized by the existence of successive 
pseudonematic layers that are rotated by a 
small angle about an axis perpendicular to 
the plane of the layers, were also reported. 
Colloidal solutions of cellulose nanorods (4) 
have a chiral nematic structure that can be 
frozen-in (see the figure, top), by removing 
the solvent so that scanning electron micros- 
copy can reveal the layers of the precursor 
liquid crystalline phase (5). This helicoidal 
structure is often found in animals and plants 
and is interpreted by a twisted plywood 
model proposed by Bouligand (6). Similarly, 
for spherocylinders (cylinders capped with 
a hemisphere on both ends), smectic phases 
with layered structures more ordered than 
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nematics were also reported. Bent colloidal 
particles have also been reported to produce 
liquid crystalline solutions. Yang et al. (7) 
generated suspensions of silica particles that 
exhibited different smectic structures, includ- 
ing a twisted smectic phase, by controlling 
the bending angle and aspect ratio of the par- 
ticles, which were different from the curved 
systems Fernandez-Rico et al. produced. 
Curved filaments are common in nature 
and have inspired theoretical investiga- 
tions and functional applications. A straight 
filament converted into a curved shape can 
sometimes coil into a helix even when the 
filament lacks chirality (8, 9). The intrinsic 
curvature was attributed to the existence 
across the filament of materials with differ- 
ent mechanical characteristics that contract 
asymmetrically. The resulting shapes of the 
filaments depend on diameter, length, and 
boundary conditions at extremities. Long fil- 
aments tend to generate spirals, if supported 
by one end, or helical structures, if clamped 
at both ends. In the latter case, left- and right- 
handed helices, separated by straight seg- 
ments, were observed, so the overall system 
was still achiral (see the figure, bottom left). 
The tuning of the curvature can be pre- 
cisely controlled by varying the asymmetric 
characteristics of the materials existing along 
the filament. Similar mechanisms imposed 
by asymmetric cross-linking should be at 
work in the formation of the curved sphero- 
cylinders that Fernandez-Rico et al. made by 
cross-linking and heating photoresin rods. 
The particles were stiffened by further cross- 
linking, which fixed their curved shapes be- 
fore creating colloidal suspensions. 
Fernandez-Rico et al. used confocal mi- 
croscopy to image a series of different liquid 
crystalline phases obtained from three types 
of curved particles. The most interesting 
finding was the first experimental evidence 
of the nematic splay-bend phase, in which 
the less-curved polydisperse particles were 
organized in a serpentine undulated struc- 
ture (see the figure, bottom right). Only the 
less curved particles are at the origin of the 
splay-bend phase. More curved particles 
generate liquid crystalline phases described 
previously for molecular banana-shaped mol- 
ecules (10) and colloidal rods. Thus, small 
details had large effects on the packing of 
the particles, in accord with theoretical pre- 
dictions (17). Indeed, the smectic phase was 
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predicted to be destabilized if polydisperse, 
smooth curved particles were used to pro- 
duce the colloidal suspensions. However, in 
the work of Fernandez-Rico e¢ al., there was 
no evidence for the twist-bend nematic phase 
(see the figure, bottom right). This phase is 
characterized by the simultaneous assembly 
of curved particles into right and left helices 
to form an achiral system, as has been seen in 
thermotropic molecular liquid crystals (12). 

Through precise control of the curvature 
of the particles, Fernandez-Rico et al. could 
tune the sequence of phases that includes not 
only the splay-bend phase but also the biaxial 
nematic and smectic phases. For small cur- 
vature, the microparticles self-assemble into 
nematic and smectic phases as the concentra- 
tion of the solvent decreases. As the value of 
the curvature increases, the splay-bend nem- 
atic phase disappears. At the highest curva- 
ture (almost circular arcs), only the isotropic 
phase develops. 

The study of Fernandez-Rico et al. makes 
possible the production of a range of nematic 
colloidal liquid crystals. Theoretical predic- 
tions suggest that tuning the curvature and 
the interactions with the boundaries could 
lead to phases not yet observed for colloidal 


liquid crystals, including the twist-bend nem- 
atic. Chiral particles could further enhance 
this class of smooth curved colloidal particles 
and generate new phases. The optical proper- 
ties and response to external fields of these 
phases may form the basis for future studies 
that cannot be carried out for molecular liq- 
uid crystalline phases. 


REFERENCES AND NOTES 


1. C.Fernandez-Rico et al., Science 369, 950 (2020). 
2. F.C.Bawden, N.W. Pirie, J.D. Bernal, |. Fankuchen, 
Nature 138, 1051 (1936). 
3. L. Onsager, Ann. N. Y.Acad. Sci. 51,627 (1949). 
4. J.F.Revoletal., Lig. Cryst.16, 127 (1994). 
5. A.P.C. Almeida et al., Adv. Mater. 30, 1703655 (2018). 
6. Y.Bouligand,C. R. Acad. Sci. Hebd. Seances Acad. Sci. D 
261, 4864 (1965). 
7. Y.Yang etal.,J.Am. Chem. Soc.138, 68 (2016). 
8. S.J.Gerbode, J.R. Puzey, A.G. McCormick, L. 
Mahadevan, Science 337, 1087 (2012). 
9. P.E.S. Silva, F. Vistulo de Abreu, M.H. Godinho, Soft 
Matter 13,6678 (2017). 
10. A. Jakli,O.D. Lavrentovich, J. V. Selinger, Rev. Mod. Phys. 
90, 045004 (2018). 
ll. |. Dozov, Europhys. Lett. 56,247 (2001). 
12. D.A. Paterson et al., Soft Matter 12,6827 (2016). 


ACKNOWLEDGMENTS 

M.H.G. is supported by the Portuguese Foundation 

for Science and Technology under project nos. UID/ 
CTM/50025/2019 and M-ERA-NET2/0007/2016 (CellColor) 
and by the European Topology Interdisciplinary Action 
(EUTOPIACAI17139). 


10.1126/science.abd3548 


Liquid crystals from smooth curved colloidal systems 


Fernandez-Rico et al. found that different liquid crysta 


ls form from microrods with different degrees 


of curvature. Natural systems such as cellulose nanorods form liquid crystals but have a chiral nature. 


Cellulose-nanorod chiral nematics 
Solutions of cellulose nanorods form a nematic liquid 


crystalline phase that has a chiral twist. 


Scanning electron microscopy images 

Curved solid lines are equidistant twisted layers and a 
(red, left), and the “peaks” (right) can be attributed to 
fracture of the twisted layers. 


Long-curved filaments 
Similar structures are formed in certain liquid crystal 


Left-handed 


ow 
Curved structures 


Long filaments can exhibit left- and 
right-handed helices or spirals. 


Right- 
handed twist 
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Helicoidal structure 


rcs The twisted plywood model, proposed 
the by Bouligand (6), accounts for the 

helicoidal nature of the layers and arcs. 
phases. 


Curved phases 
Slightly curved rods 
organize in a nematic 
splay-bend (N,,) phase 
(right). No microrod 
studied (1) led to the 
nematic twist bend (N,,) 
phase that can switch 
from right- to left- 
handed helices (left). 
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Remodeling 
vasculature to 
avoid blindness 


Pathological vasculature 
marks itself for repair 
by deploying neutrophil 
extracellular traps 


By Eugene A. Podrez and Tatiana V. Byzova 


ascular remodeling is essential for 
building hierarchically structured 
vascular networks, which in turn 
support proper organ function (J). 
The retina is particularly depen- 
dent on optimal blood supply, and 
insufficient or excessive vasculature often 
leads to blindness. The process of vascular 
regression reduces blood vessel density, fa- 
cilitating normalization of vasculature and 
subsequent tissue repair (2). Regression is 
either caused by the withdrawal of essential 
vascular growth factors or by triggering en- 
dothelial apoptosis and subsequent pruning 
of vasculature (3). However, it is unknown 
how dysfunctional and excessive retinal 
blood vessels are selected and marked for 
pruning. On page 934 of this issue, Binet et 
al. (4) reveal that pathological vasculature 
in the retina of mice and humans orches- 
trates its own remodeling by promoting the 
extrusion of neutrophil extracellular traps 
(NETs). This mechanism might be applied 
to other pathologies that require vascular 
remodeling, such as cancer, pulmonary hy- 
pertension, and heart disease (3). 

Retinal ischemic diseases, such as reti- 
nopathy of prematurity and diabetic reti- 
nopathy, are triggered by insufficient vascu- 
lature, leading to ischemia (lack of oxygen), 
which is compensated for by excessive 
production of vascular growth factors, pri- 
marily vascular endothelial growth factor 
(VEGF). This leads to overgrowth of misdi- 
rected and leaky vasculature, with signs of 
vascular deterioration and senescence (in 
which cells stop dividing and become dys- 
functional) stimulated by aging or stress, 
similar to processes observed in tumors (3). 
Regression of this excessive and pathologi- 
cal vasculature is a necessary step to avoid 
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chronic inflammation and to en- 
sure tissue repair. Thus, a pre- 
cise understanding of the exact 
molecular mechanisms governing 
vascular regression in retinal and 
other diseases is of the utmost 
clinical importance. 

Using high-resolution droplet- 
based RNA sequencing and sophis- 
ticated bioinformatics approaches 
in animal models of retinopathy, 
Binet et al. were able to effectively 
tease out the main players of vas- 
cular regression at the molecular, 
cellular, and tissue levels. They 
showed in mice and humans that 
the entire process relies on the 
innate immune system, namely 
neutrophils, which are deployed 
during the late phase of retinal 
disease, which is associated with 
vascular regression rather than 
vascular growth. 

Neutrophils serve as a first line 
of innate immunity against patho- 
gens by means of oxidative burst, 
phagocytosis, and release of web- 
like DNA and protein structures 
called NETs. Besides their origi- 
nally defined role in pathogen de- 
fense (5), NETs also mediate severe 
inflammatory reactions of primar- 
ily a destructive nature, such as 
cancer metastasis and tissue and 
organ damage within the vascu- 
lar, pulmonary, and renal systems 
(6). Most recently, NETs have been 
implicated in organ damage and 
other complications of coronavi- 
rus disease 2019 (COVID-19) (7). 
Binet et al. show that during the 
process of retinal vascular repair, 
NETs perform a very different 
function of marking senescent vas- 
cular branches for pruning (see the figure). 
Under different circumstances, this tag- 
ging for destruction might lead to impaired 
blood supply and eventually to organ fail- 
ure; however, in ischemic retinopathy, this 
process serves an essential prerequisite for 
tissue repair. It remains to be determined 
whether this role of NETs is restricted only 
to tissues of primarily postmitotic nature, 
such as the retina and central nervous sys- 
tem, or whether it also operates in other 
pathologies, such as neoplasms, or even 
whether it might underlie developmental 
vascular restructuring. 

Involvement of NETs in other patholo- 
gies seems to be likely because NETosis is 
stimulated by a specific combination of fac- 
tors, including interleukin-18 (IL-18) and 
C-X-C motif chemokine 1 (CXCL1), which 
are secreted by senescent cells and found 
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Senescent 
vasculature 


Vascular senescence facilitates tissue repair 
Dysfunctional senescent retinal vasculature produces senescence- 

associated secretory phenotype (SASP) components, attracts 
neutrophils, and stimulates the extrusion of neutrophil extracellular 
traps (NETosis, see photo below). This causes endothelial cell 
apoptosis and vascular pruning, which is essential for vascular repair 
and tissue recovery in ischemic retinopathy. 


NETosis 


Neutrophil 


Tissue repair 


not only in aging but also during develop- 
ment (8) and in actively growing tissues 
such as tumors (9). In diseased retinas, this 
senescence-associated secretory phenotype 
(SASP) is observed in endothelial cells, peri- 
cytes, astrocytes, and Miiller glia but not in 
retinal ganglion cells (which connect pho- 
tosensitive cells in the retina to the optic 
nerve), which are also known to undergo se- 
nescence. Together, these findings indicate 
that various types of senescent cells might 
be able to attract neutrophils and deploy 
NETs. It will be interesting to explore why 
only certain types of senescent cells pro- 
mote NETs. 

Acquisition of a SASP signature is be- 
lieved to be mainly detrimental because 
of its contribution to inflammation, oxida- 
tive stress, thrombosis (blood clotting), and 
metabolic imbalance (0). In endothelium, 
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the SASP signature includes pro- 
angiogenic factors that promote 
vascularization in tumors (9) and 
in age-related diseases, including 
retinopathy (17). In tumors, SASP 
facilitates drug delivery, thus mak- 
ing tumors vulnerable to chemo- 
therapy (9). In proliferative dia- 
betic retinopathy, however, SASP 
cytokines such as IL-6, IL-8, and 
VEGF directly promote pathologi- 
cal vascular growth, delaying tis- 
sue repair (17). However, similar to 
Binet et al., studies found benefi- 
cial roles of SASP in tissue growth 
(8) and wound healing (72) as in- 
ducers of stem-like characteristics 
of keratinocytes, driving epithelial 
regeneration (13). 

It is notable that the retinal 
vasculature activates a “self-cor- 
recting” program by acquiring the 
SASP. Binet et al. demonstrate that 
the SASP signature is associated 
with activation of RAS pathways 
within a population of senescent 
retinal endothelial cells. In cancer, 
proangiogenic SASP components 
are the result of inhibition rather 
than activation of the KRAS path- 
way (9). Nevertheless, even in can- 
cer, SASP promotes therapeutically 
beneficial vascular remodeling. 
Together, these results support the 
concept that cellular senescence 
has substantial value as a therapeu- 
tic target in a variety of disorders 
associated with vascular dysfunc- 
tion, and that induction of vascu- 
lar senescence is a prerequisite for 
vascular remodeling and optimi- 
zation. Moreover, because most of 
the vasculature requires active and 
uninterrupted maintenance, this 
senescence-induced regression and remod- 
eling aided by neutrophils might also be ap- 
plicable to vascular homeostasis. 
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CANCER 


Immunotherapy with a sting 


New agonists of an innate immune pathway induce antitumor immunity in mice 


By Thomas F. Gajewski and Emily F. Higgs 


umor antigen-specific CD8* T cells 

are a critical component of the anti- 

tumor immune response. Many can- 

cer patients display evidence of an 

endogenous T cell response against 

their tumors, yet fail to eliminate 
tumors unaided. The failure of spontane- 
ous immune-mediated tumor rejection is 
thought to be partially due to the action of 
negative regulatory mechanisms (immune 
checkpoints) that inhibit key functional 
properties of tumor-infiltrating T cells (1). 
Checkpoint blockade immunotherapies 
have demonstrated notable therapeutic 
success by overcoming tumor-induced T 
cell inhibition; however, their ef- 
ficacy is poor when patients lack 
evidence of a spontaneous T cell 
response (2, 3). Innate immune 
agonists may promote priming 
and recruitment of tumor-specific 
CD8* T cells and are gaining trac- 
tion as a cancer immunotherapy 
approach. On page 935 and 993 
of this issue, Pan et al. (4) and Chin et al. 
(5), respectively, describe innate immune 
agonists that show antitumor activity in 
preclinical cancer models. 

Antibodies targeting the immune check- 
point receptor, programmed cell death 
protein 1 (PD-1), or its major ligand, PD- 
LI, have been approved by the U.S. Food 
and Drug Administration for clinical use 
in ~15 different cancer entities (6). Clinical 
benefit has been correlated with the pres- 
ence of an activated T cell gene signature 
prior to treatment (2), and following anti- 
PD-1 administration, a marked expansion 
of tumor-infiltrating CD8* T cells has 
been observed (3). Despite clinical suc- 
cesses, a major subset of cancer patients 
lack sufficient T cell inflammation, and 
these patients generally do not respond to 
checkpoint blockade immunotherapy (7). 
It is thought that triggering productive 
T cell-based inflammation within the tu- 
mor microenvironment may offer the po- 
tential to expand the fraction of patients 
benefiting from anti-PD-1 treatment and 
other immunotherapies. 

One strategy toward this goal has been 
to gain an understanding of the fundamen- 
tal mechanistic steps involved in spontane- 
ous T cell activation and tumor infiltration 
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when it does occur, with the aim of mim- 
icking or reproducing those steps in the 
cases when it does not occur. In general, 
an adaptive immune response (i.e., induc- 
tion of a T cell or antibody response) first 
requires activation of the innate immune 
system, which nonspecifically signals the 
presence of “danger” or an outside threat. 
Preclinical tumor models revealed that en- 
dogenous CD8*T cell priming (activation) 
by innate antigen-presenting cells (APCs) 
was markedly reduced in mice deficient for 
STING (stimulator of interferon genes) (8). 
Mice lacking STING also showed reduced 
cytokine production, including interferon- 
8 (IFN-B), in response to tumor implan- 
tation and failed to reject highly immu- 


“Understanding which innate immune pathway 
is functionally relevant... will be paramount 
toward optimization of innate immune agonist 
combinations with existing immunotherapies.” 


nogenic tumors. These defects were not 
observed in mice deficient in other innate 
immune pathways, such as specific Toll- 
like receptors (TLRs). 

The STING pathway is a cytosolic DNA- 
sensing pathway, and tumor-derived DNA 
could be found within the cytosol of tu- 
mor-infiltrating APCs. Cytosolic DNA is 
detected within cells when it binds to 
cGAS [cyclic guanosine monophosphate 
(GMP)-adenosine monophosphate (AMP) 
(cGAMP) synthase], which generates 
cGAMP, which in turn engages and acti- 
vates STING (9). Signaling downstream 
of STING leads to APC activation and in- 
flammatory cytokine production, which 
subsequently promotes T cell priming and 
recruitment (10). Together, these observa- 
tions led to the hypothesis that exogenous 
agonists of the STING pathway may have 
the potential to trigger de novo innate 
immune activation, leading to an adap- 
tive immune response that can control tu- 
mor growth alone or in combination with 
checkpoint blockade immunotherapy. 

The first STING agonist investigated 
for immunotherapy was the molecule 
DMXAA, which had antitumor activity in 
preclinical models and was subsequently 
determined to interact with the mouse 
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STING molecule but not human STING 
(11). The first generation of human STING 
agonists, including MIW815 (ADU-S100) 
and MK-1454, have been investigated in 
early-phase clinical trials alone and in 
combination with anti-PD-1. So far, some 
clinical responses to these agonists have 
been observed, but only in a minority of 
patients (12, 13). Several biological consid- 
erations are being explored to understand 
mechanisms of response versus resistance. 
These include deciphering which immune 
cells in the tumor microenvironment must 
be present for STING agonists to induce 
downstream T cell priming, understanding 
the optimal dose and schedule of STING 
agonists to avoid overstimulation and 
negative regulation, and identi- 
fying predictive biomarkers for 
clinical activity. 

The metabolic instability of 
cyclic dinucleotide-based STING 
agonists requires them to be ad- 
ministered intratumorally. The 
constraint for intratumoral ad- 
ministration itself has limitations, 
because physical issues such as increased 
intratumoral pressure, restraints on diffu- 
sion of the injected agent, and the impos- 
sibility of injecting all metastatic lesions 
in an advanced cancer patient are all po- 
tential barriers to therapeutic efficacy. 
A small number of intravenous STING 
agonists have begun evaluation in clini- 
cal trials (NCT03843359, NCT04420884, 
and NCT04096638), and the next focus 
of STING agonist development will likely 
be on agonists formulated for systemic 
administration, such as those reported by 
Pan et al. and Chin et al. (see the figure). 

Clinical development of systemically 
administered STING agonists needs to 
account for several important consider- 
ations. One is that systemic administra- 
tion may lead to greater toxicity, because 
engaging APCs outside the tumor micro- 
environment may release high amounts 
of IFN-8 and other inflammatory cyto- 
kines. Chin et al. report that efficacious 
doses of SR-717 led to significantly lower 
concentrations of serum IFN-B than an- 
other recently developed systemic STING 
agonist, diABZI-2. Systemic administration 
of diABZI-2 also promoted tumor control; 
however, diABZI-2 stabilizes STING in its 
open conformation, similar to the bacterial 
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New innate immune agonists 


The non-nucleotide stimulator of interferon genes (STING) agonists MSA-2 and SR-717 reported by Pan et al. and Chin et al., respectively, stabilize STING in its closed 
conformation. STING activation induces downstream signaling events that culminate in the expression of inflammatory cytokines such as interferon-B (IFN-B) and 

interleukin-6 (IL-6). Secretion of these cytokines in the tumor microenvironment promotes the maturation and activation of cDC1 dendritic cells, which then promote 
antitumor immunity by priming tumor antigen-specific CD8* T cells in the tumor-draining lymph node. 


STING 
Open 
conformation 


product cyclic di-GMP but unlike endoge- 
nous cGAMP (/4). The agonists presented 
by Pan et al. and Chin et al. both stabi- 
lize the closed conformation of STING. 
Further study is necessary to tease apart 
the biological consequences of stabilizing 
STING in its open versus closed confor- 
mations. The MSA-2 compound described 
by Pan et al. also demonstrated limited 
toxicity in mice despite systemic adminis- 
tration, owing to its preferential bioactiv- 
ity within the acidic milieu of the tumor 
microenvironment. 

A second important consideration is 
the effect of systemic STING agonists on 
specific immune cell subpopulations. Chin 
et al. noted that SR-717 induced expres- 
sion of the immunosuppressive molecules 
PD-L1 and indoleamine 2,3-dioxygenase 1 
(IDO1) in primary human peripheral blood 
mononuclear cells in vitro. Additionally, 
intraperitoneal injection of SR-717 in a 
melanoma mouse model led to increased 
PD-L1 expression on CD11c*CD8~ dendritic 
cells but not on CD8* dendritic cells iso- 
lated from tumor-draining lymph nodes. 
Although CD8* dendritic cells are thought 
to be the key APC subset for inducing tu- 
mor-specific CD8* T cell priming, it is nota- 
ble that SR-717 affected these dendritic cell 
subtypes differently. Further characteriza- 
tion of the ways by which STING agonists 
induce both stimulatory and suppressive 
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STING 


Closed 
conformation 


cDC1 dendritic cell activation 


events in relevant cell subpopulations 
within the tumor microenvironment will 
be critical. Antitumor efficacy of SR-717 
was not improved by either anti-PD-1 or 
anti-PD-L1 treatment in a mouse model of 
melanoma, which is in contrast to MSA-2, 
which did show improved tumor shrinkage 
when combined with anti-PD-1 therapy. 
These differences could be due to differ- 
ent molecular properties of these STING 
agonists, differences in dose and schedule 
of administration in combination with im- 
mune checkpoint blockade, or distinctions 
between the experimental models used. 

A third consideration for clinical devel- 
opment is the dose and schedule of admin- 
istered drug. These need to be optimized 
carefully, because systemic administra- 
tion also may give rise to a bell-shaped 
efficacy curve. Probing pharmacodynamic 
endpoints within the tumor microenviron- 
ment associated with activity should guide 
selection of therapeutic dosing. Fourth, 
the consideration of which tumor types 
and which patients have the potential to 
respond to these agents also needs to be 
addressed, so predictive biomarkers for ap- 
propriate patient selection also need to be 
pursued. A final consideration is that other 
innate immune agonists are advancing 
in clinical development, including agents 
targeting TLR pathways, such as TLR9 
(15). Understanding which innate im- 
mune pathway is functionally relevant in 
distinct patient populations will be para- 
mount toward optimization of innate im- 
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mune agonist combinations with existing 
immunotherapies. 

The compounds reported by Chin e¢ al. 
and Pan et al. illustrate how distinctive mo- 
lecular properties of STING agonists can 
determine the balance of activity in the 
tumor versus systemically. Non-nucleotide 
small-molecule STING agonists that can be 
administered systemically may represent an 
attractive approach for targeting this path- 
way and have the potential to transform the 
therapeutic landscape once optimized. 
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BATTERIES 


Past, present, and future of lead-acid batteries 


Improvements could increase energy density and enable power-grid storage applications 


By Pietro P. Lopes and 
Vojislav R. Stamenkovic 


hen Gaston Planté invented the 
lead-acid battery more than 160 
years ago, he could not have fore- 
seen it spurring a multibillion-dol- 
lar industry. Despite an apparently 
low energy density—30 to 40% of 
the theoretical limit versus 90% for lithium- 
ion batteries (LIBs)—lead-acid batteries are 
made from abundant low-cost materials and 
nonflammable water-based electrolyte, while 
manufacturing practices that operate at 99% 
recycling rates substantially minimize envi- 
ronmental impact (7). Nevertheless, forecasts 
of the demise of lead-acid batteries (2) have 
focused on the health effects of lead and the 


rise of LIBs (2). A large gap in technologi- 
cal advancements should be 
seen as an opportunity for 
scientific engagement to ex- 
pand the scope of lead-acid 
batteries into power grid ap- 
plications, which currently 
lack a single energy stor- 
age technology with opti- 
mal technical and economic 
performance. 

In_ principle, lead-acid 
rechargeable batteries are 
relatively simple energy stor- 
age devices based on the lead 
electrodes that operate in aqueous electro- 
lytes with sulfuric acid, while the details of 
the charging and discharging processes are 
complex and pose a number of challenges to 
efforts to improve their performance. This 
technology accounts for 70% of the global 
energy storage market, with a revenue of 80 
billion USD and about 600 gigawatt-hours 
(GWh) of total production in 2018 (3). Lead- 
acid batteries are currently used in uninter- 
rupted power modules, electric grid, and 
automotive applications (4, 5), including all 
hybrid and LIB-powered vehicles, as an in- 
dependent 12-V supply to support starting, 
lighting, and ignition modules, as well as crit- 
ical systems, under cold conditions and in the 
event of a high-voltage battery disconnect (3). 
Although the principle of operation has not 
changed, manufacturers have improved this 
technology by optimizing performance of the 
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electrodes and active components mainly for 
application in vehicles. Future performance 
goals include enhanced material utilization 
through more effective access of the active 
materials, achieving faster recharging rates 
to further extend both the cycle life and cal- 
endar life and to reduce their overall life cycle 
cost with a direct impact on the implementa- 
tion of grid storage systems. 

The constant dissolution and _ redeposi- 
tion of the cell’s active materials, over each 
charge-discharge cycle, creates a situation 
where both positive and negative electrode 
morphology and microstructure are con- 
stantly changing (see first the figure). These 
structural changes enable the corrosion of 
electrode grids typically made of pure lead 
or of lead-calcium or lead-antimony alloys 
and affect the battery cycle life and mate- 


Morphological changes 
Both electrodes form surface PbSO, during discharging. Scanning electron microscopy 
images of Pb/PbSO, electrodes show marked surface morphology changes for distinct 
charge and discharge protocols. 
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rial utilization efficiency. Because such mor- 
phological evolution is integral to lead-acid 
battery operation, discovering its governing 
principles at the atomic scale may open ex- 
citing new directions in science in the areas 
of materials design, surface electrochemistry, 
high-precision synthesis, and dynamic man- 
agement of energy materials at electrochemi- 
cal interfaces. This understanding could have 
a direct impact on battery life, as preserving 
the overall electrode surface area ensures ef- 
fective charge-discharge processes. 

These efforts must take into account the 
complex interplay of electrochemical and 
chemical processes that occur at multiple 
length scales with particles from 10 nm to 10 
tum (see the second figure) (5). The active ma- 
terials, Pb and PbO., are traditionally packed 
as a self-structured porous electrode. When 
discharged, Pb?* ions quickly react with the 
available sulfuric acid in the electrolyte and 
nucleate insoluble PbSO, crystals. During 
charging, PbSO, must be converted back to 
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Pb and PbO,, which is a thermodynamically 
and kinetically more demanding process 
given the poor solubility of the PbSO, crys- 
tals. The intricate relationship between acid 
concentration gradients within the electrode 
pores and lead sulfate dissolution rates un- 
derscores the challenge of improving the bat- 
tery’s ability to recharge at fast rates. 

All of these processes occur in competition 
with the thermodynamically favored but un- 
desired water-splitting reactions that evolve 
O, and H, gases. Lead and lead dioxide are 
poor catalysts for these reactions and have 
high overpotentials that kinetically limit 
these processes unless fast charging occurs 
with high voltages. However, metal and ionic 
impurities in electrodes and electrolyte fa- 
cilitate electrolysis of water and its loss (5). 
The requirement for a small yet constant 
charging of idling batter- 
ies to ensure full charging 
(trickle charging) mitigates 
water losses by promoting 
the oxygen reduction reac- 
tion, a key process present 
in valve-regulated lead-acid 
batteries that do not require 
adding water to the battery, 
which was a common prac- 
tice in the past. 

Some of the issues fac- 
ing lead-acid batteries dis- 
cussed here are being ad- 
dressed by introduction of new component 
and cell designs (6) and alternative flow 
chemistries (7), but mainly by using car- 
bon additives and scaffolds at the negative 
electrode of the battery (4), which enables 
different complementary modes of charge 
storage (supercapacitor plus faradaic Pb 
charge-discharge). These electrodes also of- 
fer a rigid, unreactive, and conductive elec- 
trode backbone that prolongs cycle life. 

At the positive electrode, identification of a 
material that can withstand the high electrode 
potentials and harsh acidic environment re- 
mains a problem to be solved. Utilization of 
bipolar electrodes can reduce the amount of 
lead used for structural components (elec- 
trode grid), immediately improving material 
utilization, but challenges with corrosion and 
cost-effective manufacturing are still a limit- 
ing factor. Implementation of battery man- 
agement systems, a key component of every 
LIB system, could improve lead-acid battery 
operation, efficiency, and cycle life. 
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Perhaps the best prospect for the unuti- 
lized potential of lead-acid batteries is elec- 
tric grid storage, for which the future market 
is estimated to be on the order of trillions 
of dollars. For that reason, the low cost of 
production and materials, reduced concerns 
about battery weight, raw material abun- 
dance, recyclability, and ease of manufactur- 
ing make it an attractive solution if technical 
barriers can be addressed. At a current spot 
price below $2/kg and an average theoretical 
capacity of 83 ampere hours (Ah)/kg (which 
includes H,SO, weight and the average con- 
tribution from Pb and PbO, active materials) 


As with any technology, many of the as- 
sociated risks can be limited with proper 
management of materials, good manufactur- 
ing practices, and committed waste manage- 
ment. The 99% recycling rate of lead-acid 
batteries (72) and stringent regulations on Pb 
environmental emissions greatly minimize 
the risk of Pb release to the environment. 
Alternatively, the lack of economically fea- 
sible recycling solutions to LIB technology in 
the short term, combined with the expected 
increase in the number of battery cells that 
are approaching their end of life, aggravate 
the potential for environmental contamina- 


tion from discarded LIB systems. Accidental 
inclusion of LIBs in lead battery recycling has 
proven hazardous, and better safety and recy- 
clinge protocols are needed. 

The range of tools and methods developed 
over the past 30 years, both experimentally 
and theoretically, are readily applicable to 
further develop and elucidate the science 
of lead-acid batteries. These topics would 
greatly benefit from further engagement 
from U.S. National Laboratories and across 
academia (15). Leveraging our current sci- 
entific knowledge and an established manu- 
facturing industry with admirable safety and 


that rivals the theoretical capac- 
ity of many LIB cathode materi- 
als (8), lead-acid batteries have 
the baseline economic potential 
to provide energy storage well 
within a $20/kWh value (9). 

Despite perceived competition 
between lead-acid and LIB tech- 
nologies based on energy density 
metrics that favor LIB in por- 
table applications where size is 
an issue (10), lead-acid batteries 
are often better suited to energy 
storage applications where cost is 
the main concern. In reality, LIB 
technology has been more detri- 
mental to nickel-metal hydride 
and nickel-cadmium battery mar- 
kets (3). The increased cost, small 
production rates, and reliance on 
scarce materials have limited the 
penetration of LIBs in many en- 
ergy storage applications. 

The inherent concern §sur- 
rounding lead-acid _ batteries 
is related to the adverse health 
and environmental effects of 
lead (11). More effective mitiga- 
tion is feasible with application 
of known practices, strict gov- 
ernment regulations, and im- 
proved training and engineering 
controls, which would further 
increase the already impressive 
recycling rate of 99% (12). Also, 
many serious safety and health 
concerns exist as part of LIB 
manufacturing and operation, 
including the carcinogenic po- 
tential of Ni and Co oxide com- 
ponents of cathode materials, 
the production of highly toxic or- 
ganofluorophosphate neurotox- 
ins as a consequence of thermal 
runaway events (battery fire and 
explosion) (8, 73) and potential 
contamination of the environ- 
ment with toxic organofluorine 
by-products arising from electro- 
lytes and additives (J4). 


924 


Multiscale electrochemistry 

The technical challenges facing lead-acid batteries are a consequence of the 
complex interplay of electrochemical and chemical processes that occur at 
multiple length scales. Atomic-scale insight into the processes that are taking 
place at electrodes will provide the path toward increased efficiency, lifetime, and 
capacity of lead-acid batteries. 
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recycling records would ensure 
strong economic, technical, and 
environmental support for lead- 
acid batteries to continue serv- 
ing as part of a future portfolio 
of energy storage technologies. ® 
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RETROSPECTIVE 


James G. Townsel (1935-2020) 


Neuroscientist and devoted mentor of diverse scientists 


By Rae Nishi, Byron D. Ford?, 
John G. Hildebrand? 


ames “Jim” Garfield Townsel, a neuro- 

scientist who devoted his life to diver- 

sifying the field, died on 22 June. He 

was 84. Jim made valuable contribu- 

tions to the field of neurotransmission 

through his research, but he is best 
known for his unwavering focus on eliminat- 
ing racial health disparities by mentoring 
underrepresented trainees and supporting 
their scientific advancement. 

Born on 9 September 1935 in Albemarle, 
North Carolina, Jim grew up in the inner 
city of Harrisburg, Pennsylvania. He gradu- 
ated in 1958 with high honors from Virginia 
State University (VSU), where he majored 
in biology and participated in the Reserve 
Officers’ Training Corps. After working in the 
U.S. Army Medical Service Corps, he began 
graduate school, a transition made possible 
by Richard Dunn, a botanist at VSU who, as 
Jim put it, “rolled boulders out of my way and 
was committed to my success.” 

After earning his Ph.D. in physiology at 
Purdue University in 1968, Jim was recruited 
immediately to the faculty of VSU. In 1971, 
he accepted a postdoctoral traineeship at 
Harvard Medical School in the laboratory 
of neurobiologist Edward Kravitz. Jim’s ex- 
perience at Harvard galvanized his passion 
for neuroscience. In 1973, he accepted an 
assistant professorship at Meharry Medical 
College, a historically Black medical school in 
Nashville, Tennessee. He later moved to the 
University of Illinois at Chicago to adminis- 
ter its Urban Health Program. In 1984, he re- 
turned to Meharry, where he was a professor 
and chair of the physiology department until 
his retirement in 2010. 

When he arrived at Meharry in 1973, Jim 
quickly secured research grants from the 
National Institutes of Health (NIH) and the 
National Science Foundation, but the lack of 
research culture at the college hindered his 
work. He would later recall that the summary 
statement of his first NIH research project 
grant application expressed admiration for 
him as an applicant but considered his chance 
of success in the school’s environment to be 
vanishingly small. Nonetheless, Jim persisted 
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and built a strong research program that 
made substantial contributions to the fields 
of neurotransmitter biochemistry and _traf- 
ficking of proteins involved in neurotransmis- 
sion. When he returned to Meharry as chair 
in 1984, he drew upon his early experiences 
to create a culture of research that benefited 
students. He hired two active neuroscientists, 
secured competitive federal funding for re- 
search, created a multidisciplinary graduate 
program that earned an NIH training grant, 
and developed an NIH-funded collaborative 
program with Vanderbilt University for pre- 
doctoral trainees. 

Devoted to training his students to be- 
come effective scientists, Jim mentored 
with tough love. Each day, he would walk 
through the lab and grill his trainees about 


their research. He expected productivity but 
also emphasized rigor and reproducibility, 
qualities that were not yet fully appreciated 
by the scientific community. He always de- 
manded intellectual accountability. As his 
Ph.D. student, I (B.D.F.) understood that it 
was acceptable not to know something, but 
that I had best learn it before I was asked 
about it again. Jim’s view was that Black sci- 
entists had to be better than scientists from 
more commonly represented backgrounds in 
order to succeed in academia. He prepared 
these scientists well and continued to sup- 
port them throughout their careers. 

Jim collaborated with neuroscientists 
Joseph Martinez and James Jones to lead 
the Diversity Program in Neuroscience 
(DPN), a diversity-focused training program 
funded by the NIH and supported by the 
American Psychological Association. DPN 
began in 1988 and, in addition to providing 
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a training stipend, offered mentorship, an- 
nual monitoring, and enrichment activities. 
For 23 years, DPN supported almost 300 
trainees from underrepresented groups. 
The enrichment program, codirected by 
Jim and Joseph Martinez, consisted of a 
monthlong experience encompassing pro- 
fessional development, lectures in neuro- 
science, mentoring, and networking at the 
Marine Biological Laboratory in Woods 
Hole, Massachusetts. Although DPN lost its 
funding, the enrichment component lives 
on as the Summer Program in Neuroscience, 
Excellence, and Success (SPINES). 

All three of us worked closely with Jim 
as he spearheaded these diversity programs 
and saw firsthand his passion for further- 
ing the careers of underrepresented train- 
ees in neuroscience. He did not believe in 
giving handouts, and he sought to instill in 
all trainees the qualities necessary to suc- 
ceed in science. He was truly frustrated to 
discover mentors who thought they were 
supporting their trainees of color by put- 
ting them on papers as honorary authors. 
For Jim, what mattered was an earned first 
authorship, because that would lead to ad- 
vancement and research grants. 

Jim was deeply disturbed by racial dispari- 
ties in health. He recognized that diversifying 
the scientific workforce is essential to mitigat- 
ing such disparities. It was therefore critically 
important to him that trainees of color stay 
in science, get research grants, and advance 
the field. He knew that to ensure this result, 
the students he trained would have to carry 
on in his footsteps, becoming mentors them- 
selves and remaining lifelong supporters of 
their trainees, and that those trainees would 
have to become mentors in turn, bringing 
ever more diverse scientists into academia. 

In DPN advisory committee meetings, 
Jim was always very serious, but when 
we worked with him at SPINES, he was 
friendly and supportive, often giving every 
participant a hug at the end of his teach- 
ing session. During a lively discussion with 
one of us (R.N.) last summer, he emphasized 
the long-term commitments that true men- 
torship requires and expressed disappoint- 
ment that such emotional investment is 
often overlooked. He concluded, “There are 
many books about mentoring, but none of 
them tell you how to have a heart, which is 
what you need to succeed.” 

Jim had that heart. Most of his train- 
ees from the lab as well as hundreds from 
SPINES remain in research and are now 
faculty members at research universities. 
They serve as role models, carrying his 
legacy forward and continuing to fulfill his 
vision of a more equitable scientific land- 
scape and world. 
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ENERGY POLICY 


One step forward, two steps back 


Interest groups and state-level political inertia have stalled 
many of America’s clean energy initiatives 


By Saleem H. Ali 


hy is it that America has not been 
able to achieve science-based 
targets for carbon emissions re- 
ductions despite the availability 
of numerous economically and 
ecologically rational solutions? 
This question is often framed in terms of 
job losses or energy security arguments. In 
Short Circuiting Policy, a timely 
political ethnography of U.S. 
energy policy, Leah Cardamore 
Stokes argues that clean energy 
programs initially gained trac- 
tion as potential opportunities to 
create green jobs and reduce car- 
bon footprints but then waned, 
even as the economics increas- 
ingly favored their success. Focus- 
ing on state-level politics, Stokes 
carefully lays out how Arizona, 
Kansas, Texas, and Ohio struggled 
to contain the power of the fossil fuel and 
electric utilities industries and, in doing so, 
failed to sustain a clean energy trajectory. 
The book’s title is a reference to a passage 
from political scientist E. E. Schattschnei- 
der’s 1942 book, Party Government, which 
reads: “Pressure politics is a method of short- 
circuiting the majority.” This sentiment is 
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echoed in economist Mancur Olson’s 1965 
book, The Logic of Collective Action, which 
laid out a theory of how concentrated ben- 
efits can trump diffuse cost factors. Stokes 
convincingly argues that climate change 
fits this paradigm perfectly. She reveals how 
successful green energy policies are eroded 
through a process she refers to as retrench- 
ment, and how renewable energy infrastruc- 
ture development has succumbed to a series 
of negative feedback loops that 
have kept progress on a treadmill 
of policy inertia. 

Drawing on more than a hun- 
dred interviews with key decision- 
makers and stakeholders, as well 
as detailed document and me- 
dia analysis, Stokes explores the 
consequences of stalled environ- 
mental policies at length. She 
discusses the usual mechanisms 
of influence, such as political lob- 
bying and advertising campaigns, 
but also reveals more pernicious phenom- 
ena, including “astroturfing,’ wherein the 
entity advancing a particular policy is con- 
cealed by an ostensibly grassroots campaign. 
Such efforts, she argues, create a “fog of 
enactment”—a gap between interest groups’ 
expectations of a given policy and its actual 
implementation—comparable to what others 
have documented in tobacco legislation (1). 

The democratic process is fragile, reveals 
Stokes, and highly vulnerable to powerful 
interests. What’s more, when citizens agree 
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Wind turbines loom behind an oil pump in Texas, 
illustrating the enduring tension between clean 
energy and fossil fuels. 


with a politician on a particular issue, they 
often take cues from them on unrelated is- 
sues, including energy policy. 

The environment was once a unifying 
cause in American politics. In 2007, former 
Speaker of the House Newt Gingrich, an 
otherwise polarizing Republican, co-wrote a 
book called A Contract with the Earth to re- 
mind conservatives of as much, referencing 
the party’s environmental legacy (2). How- 
ever, Stokes shows that a carefully curated 
campaign advanced by conservative groups 
such as the American Legislative Exchange 
Council, the State Policy Network, and 
Americans for Prosperity—sensing ambiva- 
lence toward green policies from core Re- 
publican Party supporters—began targeting 
the base with messaging against renewable 
energy in the late 20th century. Such cam- 
paigns gained momentum between 2000 
and 2010. The impact of this anti-environ- 
mentalist miasma continues to this day. 

Using the heuristic of what she calls a 
“narwhal curve,” Stokes provides a useful 
visual primer for how steep a rise in re- 
newable energy transition is needed. She is 
also more sympathetic to nuclear power in 
her analysis, noting that the retirement of 
nuclear plants is making our task of transi- 
tion even more challenging. On this point, 
I had hoped that Stokes would have been 
more willing to critique environmentalist 
organizations as another sort of special in- 
terest group. Many of the pathologies that 
she identifies in fossil fuel and electric util- 
ity interests also apply to the anti-nuclear 
movement, which derailed any potential 
for economies of scale being realized from 
this clean technology. [Extreme risk aver- 
sion and a misapplication of the precau- 
tionary principle trumped hard data in 
this regard as well (3).] She could have also 
engaged with some of the literature that 
challenges the dominance of the interest 
group hypothesis in explaining political 
influence, for example, the work of Gunnar 
Trumbull (4). Despite these minor misses, 
Stokes has written a highly readable and 
compelling book that will be of interest to 
environmental policy scholars and the gen- 
eral public alike. @ 
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SCIENCE LIVES 


Ray Bradbury, luminary of the space age, at 100 


A new biography chronicles the golden years of Earth's first martian 


By Ingrid Ockert 


ne hundred years ago this month, 

the poet laureate of Mars was born 

in sleepy Waukegan, Illinois. To a 

generation of baby boomers, Ray 

Bradbury was best known for his 

masterpiece The Martian Chronicles 
(1950), a lyrical collection of stories that 
wondered how humans might adapt to life 
on the red planet. His poetic descriptions 
captured the world’s collective imagina- 
tion, spurring the development of space 
technologies, including Mars-bound satel- 
lites and rovers. As Norman Cor- 
win noted in 1971, “[Bradbury] got 
to Mars before the scientists...No 
amount of scientific data, no logs 
and extrapolations of computer 
codes, will ever dislodge him from 
that planet.” 

To mark the centennial of Brad- 
bury’s birth, Jonathan Eller, a 
professor of English at Indiana Uni- 
versity and director of the Center for 
Ray Bradbury Studies, has written 
Bradbury Beyond Apollo, the final 
biography in a trilogy that explores 
Bradbury’s life. Eller’s thoughtful 
narrative is meticulous, offering 
more than 300 pages of analysis 
and snippets from Bradbury’s un- 
published letters and manuscripts 
to document every moment of the 
writer’s golden years, starting with 
the launch of Apollo 15 in 1971 and 
ending with his final days in 2012. 
Along the way, Eller offers readers 
insights into how Bradbury estab- 
lished his legacy as a luminary of 
the space age. 

Throughout his career, Eller 
explains, Bradbury looked for op- 
portunities to collaborate, to strengthen 
his connection with fans, and to grow as a 
writer. Bradbury Beyond Apollo dives deep 
into the writer’s expansive personal and 
professional network of scientists, film- 
makers, writers, and artists. Bradbury, we 
learn, established friendships early on with 
key players and looked for projects that 
would allow them to work together. He 
met Walt Disney in the 1960s, for example, 
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and worked with Disney’s “imagineers” on 
several projects before their partnership 
bore fruit, namely in the form of Epcot’s 
ride Spaceship Earth and Walt Disney Pro- 
duction’s film Something Wicked This Way 
Comes (1982) based on Bradbury’s novel 
of the same name. Similarly, Eller reveals 
how Bradbury helped Bruce Murray and 
others at the Planetary Society promote 
space travel and planetary exploration. 
While not all of the writer’s projects came 
to fruition, he continued to dream up new 
films, books, exhibits, and other projects 
and collaborations. 


3 i 


Surrounded by Disney and NASA mementos, Bradbury writes in 1981. 


For a historian of science like myself, 
Eller’s careful analysis of Bradbury’s pro- 
fessional networks is invaluable. Too of- 
ten, the files of influential public figures 
remain closed, reinforcing their enigmatic, 
two-dimensional public image. The care- 
ful detail of this biography paints a rich 
portrait of Bradbury as a talented conver- 
sationalist and gifted collaborator and al- 
lows readers to understand the nuances of 
his professional relationships. The writer’s 
correspondence, meanwhile, offers incred- 
ible perspective into the interconnected 
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world of postwar science communication. 

Equally valuable is the full picture of 
Bradbury’s career as a public speaker that 
Eller provides readers. Bradbury appeared 
regularly on television and in auditoriums 
across the United States, strengthening 
his relationships with fans and helping to 
establish him as a leading voice for space- 
flight. Although some biographers 
might have omitted discussion of 
Bradbury’s public lectures, Eller’s 
decision to include a detailed re- 
counting of the author’s outreach 
efforts proves vital to understand- 
ing his continued influence within 
the scientific community. 

Even as Bradbury established a 
persona as a martian luminary, he 
continued to write stories in other 
genres—strange tales of haunted 
crypts, hard-boiled noirs, and sweet 
musings of childhood innocence. 
Eller documents the continued de- 
velopment of Bradbury’s writing 
prowess, describing how the author 
experimented with poetry and with 
more realistic stories. 

Bradbury was careful to delineate 
his expertise as that of a writer, not 
ascientist, when speaking alongside 
professionals at NASA symposiums. 
But his popularity demonstrated 
that inspiration, not just education, 
was an important dimension of sci- 
ence communication. Today, many 
successful scientists recognize that 
effective communication weaves to- 
gether awe and information. 

Bradbury’s lectures offered audiences 
opportunities to connect with him, and 
with each other, over a positive vision of 
human spaceflight. As he explained in 
a letter to officials at the Smithsonian in 
1981, “[I am] in the business of shaking 
people up and rousing their blood so they 
go out of the show half-mad with love and 
stunned with the beauties of space. If we 
do that, the rest will follow.” 
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Baer’s pochard duck 
at risk of extinction 


The Baer’s pochard (Aythya baert), a 
migratory duck, used to be widespread in 
northeast China and eastern Russia, where 
it would breed, and in central and south- 
east Asia, where it would migrate for the 
winter (7). However, in recent years, the 
Baer’s pochard population has decreased to 
between 150 and 700 Critically Endangered 
individuals (2, 3). China, as the primary resi- 
dence of Baer’s pochard (3), must take more 
protective measures to alleviate the threats 
to the species and prevent their extinction. 
Anthropogenic activities have exac- 
erbated the rapid decline of the Baer’s 
pochard population. Wetlands are the 
duck’s primary habitats and breeding 
grounds, but 33% of wetlands in China 
were lost between 1978 and 2008 (4). 
Environmental pollution has killed Baer’s 
pochards and further restricted their hab- 
itats (5). Human activities such as fishing, 
illegal hunting, and picking up bird eggs 
have disrupted Baer’s pochard popula- 
tions and threatened their breeding (5). 
The Baer’s pochard is an important 
species in the biosphere and vital for 
maintaining biodiversity and freshwa- 
ter ecosystems. Urgent and coordinated 
action from government and the public 
is required to protect this species. The 
Chinese government should update the 
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National Key-protected Species List, 
where the Baer’s pochard is still listed 

as a lower-priority class III protected 
species (6, 7). Local governments must 
strictly enforce the Wildlife Protection 
Law of China to stop illegal hunting and 
trade (8) and increase the investigation 
and monitoring of the Baer’s pochard 
population, distribution, and habitats (9). 
China should also promote the protection 
and restoration of the inland freshwater 
wetlands that serve as the duck’s primary 
habitats by strengthening the manage- 
ment of wetland nature reserves and 
improving the infrastructure of wetland 
parks. The government, scientists, and 
the public must work together to control 
China’s pollution (70). Finally, the govern- 
ment should work to raise the public’s 
awareness of wildlife protection. 

Xin Tong 

College of Environmental Science and 


Engineering, Nankai University, Tianjin 300350, 
China. Email: tongxin@mail.nankai.edu.cn 
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Waterbirds’ coastal 
habitat in danger 


Migratory waterbirds, especially shore- 
birds, depend on China’s coastal wetlands 
(1). China’s plans to reclaim the coastal 
region for industry, aquaculture, and 
other infrastructure could destroy the last 
remaining habitat of many vulnerable spe- 
cies (2, 3). From 2000 to 2010, the local 
governments of China’s coastal areas, moti- 
vated by rapid urbanization and economic 
development, have reclaimed more than 
320,000 ha of coastal wetlands (4). In 2012, 
China approved plans to reclaim 246,900 
ha of coastal wetlands for construction by 
2020 (4). The largest reclamation project— 
the Oufei Project in Wenzhou Bay—spans 
an area of 8854 ha (5) and threatens a 
crucial waterbird habitat. China should 
halt reclamation plans until environmental 
needs are addressed. 

Wenzhou Bay is an important stopover 
site for birds migrating along the East Asian- 
Australasian flyway. More than 100,000 
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waterbirds rest in the area (6), including the 
Endangered black-faced spoonbill (Platalea 
minor) and spoon-billed sandpiper (Calidris 
pygmaea) (7, 8). There is no other suitable 
waterbird habitat that could serve as an 
alternative resting area (9). To protect rare 
waterbirds, we must protect their habitats 
from reclamation. 

China’s coastal wetland protection 
contains substantial gaps (10). Of the 110 
waterbird priority conservation sites, 67 
are located outside the protected area (11). 
The Chinese government must take bio- 
diversity conservation needs into account 
before proceeding with reclamation projects. 
National parks, nature reserves, and other 
protections should be designated to fill the 
gaps in the current system. The addition of 
the Yellow Sea-Bohai Gulf (Phase I) to the 
World Heritage List in 2019 is a step in the 
right direction (72). To further strengthen 
protections, China should fund the investi- 
gation and monitoring of migratory birds on 
coastal wetlands (4) and carry out ecosystem 
restoration in the reclamation region. 
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Protect the giant ibis 
through the pandemic 


The giant ibis (Thawmatibis gigantea), 
Cambodia’s national bird, is edging toward 
extinction. The ibis’s historical range 
stretched across Southeast Asia, but only 
194 Critically Endangered individuals 
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remain, constrained to the northeastern 
region of Cambodia (1). The small popula- 
tion suffers from habitat loss and distur- 
bance caused by human activities, and 
tensions between humans and wildlife 
have escalated during the coronavirus dis- 
ease 2019 (COVID-19) pandemic. In April, 
3 giant ibises and more than 100 other 
birds were poached in Cambodia’s Chhep 
Wildlife Sanctuary (2). To save the giant 
ibis, conservation efforts must continue, 
even during the pandemic. 

Giant ibises nest in forests and frequent 
nearby wetlands, where they prey on 
frogs, insects, and larvae (3), all histori- 
cally plentiful in their habitats. However, 
extensive clearance of Cambodia’s lowland 
dry forest for agro-industry, coupled with 
widespread wetland agricultural drain- 
age, has disrupted the ecosystems on 
which the ibises depend. Under China’s 
Belt and Road Initiative (4), new roads 
are planned to run through the Siem 
Pang District in northeast Cambodia, as 
well as protected forests in the Keo Seima 
Wildlife Sanctuary in eastern Cambodia, 
further disrupting the ibis’s habitats (5). 
Hydroelectric dams on the Mekong River 
and its tributaries will change water levels 
in riverine wetlands, potentially decreas- 
ing habitat quality and affecting ibis prey 
species (6, 7). 

As their habitats diminish, ibises are 
also vulnerable to climate fluctuations. 
Prolonged drought in the 2009-2010 dry 
seasons decreased ibis breeding rates 
by about 50% (4). Potential increases in 
drought severity due to climate change 
could replicate these declines (8). 

To conserve the giant ibis population, 
we must protect key habitats, enforce 
environmental regulations, and reconcile 
conservation and agricultural develop- 
ment through trade-offs between land- 
sparing, wildlife-friendly farming and 
intensification to increase yields from 
smaller farmland areas (9). It is also 
essential to ensure that local people ben- 
efit from conservation, especially during 
uncertain times such as the COVID-19 
pandemic. International tourists spent 
more than US$100,000 visiting Cambodia 
to view giant ibises in the past decade 
(2). With global tourism in decline for 
an indeterminate period of time, this 
income will decrease, and pressure on 
the environment may increase. Planning 
for the return of tourists should focus 
on community-based eco-tourism initia- 
tives, such as those developed at some 
Cambodian wetland protected areas (JO). 
With financial and institutional support 
from international nongovernmental orga- 
nizations, local communities can build 
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the infrastructure they will need to host 
future domestic and international tour- 
ists. By preparing to provide eco-tourism 
services, these communities can benefit 
from alternative income sources once 
tourism resumes, thereby allowing them 
to continue their support for the conser- 
vation of the giant ibis and the region’s 
other endangered species. 
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MICROBIOLOGY 


How uromodulin helps 
flush out bacteria 


Urinary tract infections (UTIs) 
are one of the most frequent 
bacterial infections in humans. 
The glycoprotein uromodulin 

is the most abundant urinary 
protein and can provide some 
protection from UTIs, but the 
precise mechanism has been 
unclear. Weiss et al. found that 
uromodulin forms stacked, 
fishbone-like filaments that 
act as a multivalent decoy 

for bacterial pathogens with 
adhesive pili that attach to the 
uromodulin glycans (see the 
Perspective by Kukulski). The 
resulting uromodulin-pathogen 
aggregates prevent bacterial 
adhesion to glycoproteins of the 
urinary epithelium and promote 
pathogen clearance as urine is 


930 


excreted. This innate protec- 
tion against UTIs is likely to be 
particularly important in infants 
and children. -SMH 
Science, this issue p. 1005; 
see also p.917 


CANCER 

A deeper look at cancer 
immunity 

A key goal in oncology is diag- 
nosing cancer early, when it is 
more treatable. Despite decades 
of progress, early diagnosis 

of asymptomatic patients 
remains a major challenge. 
Most methods involve detecting 
cancer cells or their DNA, but 
Beshnova et al. suggest a differ- 
ent approach that is focused on 
the body’s immune response. 
The authors reasoned that the 
presence of cancer may cause 
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Remote C-H borylation by 
a modular iridium catalyst 


Reyes et al., p. 970 


GLOBAL CARBON CYCLE 


Pulses of the past 


ursts of carbon dioxide, released into the atmo- 
sphere and occurring on centennial time scales, 
were seen during the cold periods of the last 
glacial cycle but not in older or warmer condi- 
tions. Nehrbass-Ahles et al. present a record of 

_ atmospheric carbon dioxide concentrations retrieved 
from the European Project for Ice Coring in Antarctica 
Dome C ice core showing that these carbon dioxide 


umps occurred during both cold and warm periods 


tween 330,000 and 450,000 years ago. They relate 
ese pulses to disruptions of the Atlantic meridi- 
al overturning circulation caused by freshwater 
charge from ice sheets. Such rapid carbon dioxide 
eases could occur in the future if global warming 
0 disrupts this ocean circulation pattern. —HJS 
ence, this issue p. 1000. 


y gas bubbles visible in a freshly drilled ice core provide evidence 
tmospheric composition 330,000 to 450,000 years ago. 


alterations in the T cell recep- 
tor repertoire, which could then 
be detected. They designed a 
deep-learning method for dis- 
tinguishing the T cell repertoires 
in the blood of patients with and 
without cancer, which they vali- 
dated in samples from multiple 
clinical cohorts. —YN 


Sci. Transl. Med. 12, eaaz3738 (2020). 


MOLECULAR BIOLOGY 
A fork in the road for drug 
resistance 


Inhibitors of the enzyme 
poly(ADP-ribose) polymerase 
(PARP) block the repair and 
restart of stalled replication 
forks, which eventually kills 
cancer cells. Kharat et al. found 
that the DNA demethylase TET2 
was critical for sensitivity to 
PARP inhibitors by promoting 


Published by AAAS 


repair-mediated degrada- 
tion of stalled forks. The TET2 
product 5-hydroxymethyl- 
cytosine at stalled replication 
forks recruited a base excision 
repair—associated endonucle- 
ase. Without TET2, stalled 
replication forks were stabilized 
instead of degraded, thereby 
reducing PARP inhibitor sensi- 
tivity. —LKF 

Sci. Signal. 13, eaba8091 (2020). 


CANCER IMMUNOLOGY 
Phages and cancer 
immunity 

Gut bacteria are involved in 
the education of T cell immune 
responses, and the intestinal 
ecosystem influences antican- 
cer immunity. Fluckiger et al. 


report microbial antigens that 
might cross-react with antigens 
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associated with tumor cells. 
They found that a type of intes- 
tinal bacteria called enterococci 
harbor a bacteriophage that 
modulates immune responses. 
In mouse models, administra- 
tion of enterococci containing 
the bacteriophage boosted 
T cell responses after treatment 
with chemotherapy or pro- 
grammed cell death protein 1 
(PD-1) blockade. In humans, the 
presence of the bacteriophage 
was associated with improved 
survival after PD-1 immunother- 
apy. A fraction of human T cells 
specific for naturally processed 
melanoma epitopes appeared 
to be able to recognize micro- 
bial peptides. This “molecular 
mimicry” may represent cross- 
reactivity between tumors and 
microbial antigens. —PNK 
Science, this issue p. 936 


LIQUID CRYSTALS 
Controlling the curvature 


Molecular chirality is often 
required to make chiral liq- 

uid crystalline phases, but 

liquid crystallinity has also been 
obtained using curved elon- 
gated rods known as bent-core 
or banana-shaped molecules. 
Fernandez-Rico et al. developed 
a method to controllably alter the 
curvature of the rods using ultra- 
violet light and a photoresponsive 
polymer (see the Perspective by 
Godinho). From a single starting 
batch can come a family of rods 
with different curvatures but 
similar overall rod thickness, 
length, and length distribution. 
The researchers explored a 

range of liquid crystalline phases, 
including the splay-bend nematic 


Curved nanorods, observed by confocal 
microscopy, adopt different phase 
behavior depending on their curvature. 
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phase that was predicted more 
than 40 years ago. —MSL 
Science, this issue p. 950; 
see also p.918 


IMMUNOLOGY 
SOSTDC1 for germinal 
center regulation 


T follicular helper (T,,,) cells are 
CD4* T cells that facilitate B cell 
antibody production and B cell 
memory responses in the ger- 
minal centers (GCs) of lymphoid 
organs. These activities are in 
turn restrained by T follicular 
regulatory (T,,.) cells, a population 
of T cells with unclear origins. 
Wu et al. now demonstrate that 
a subpopulation of T,,, cells and 
fibroblastic reticular cells both 
produce sclerostin domain- 
containing protein 1 (SOSTDC1), 
which drives T.,, cell generation 
by inhibiting Wnt--catenin 
signaling. In mice lacking the 
gene Sostdcl, T,,, cell numbers 
were substantially decreased and 
GC responses were enhanced. 
These insights into T,, cell 
biology and GC regulation may 
have important implications for 
autoantibody-mediated diseases 
and the future development of 
vaccines and therapies for auto- 
immune disease. —STS 

Science, this issue p. 984 


CHEMICAL PHYSICS 
Attosecond science in 
liquid phase 
Many physical properties of 
liquid water remain unresolved 
due to the very fast dynamics 
involved in the liquid phase. 
Using attosecond time-resolved 
photoelectron spectros- 
copy, Jordan et al. found that 
photoemission of electrons 
from water in the liquid phase 
shows a time delay of about 50 
to 70 attoseconds compared 
with photoemission from the 
gas phase. This difference was 
attributed to solvation effects 
and was validated by analysis 
of various contributions to the 
measured delays and by using 
theoretical simulations in water 
clusters of different sizes. —YS 
Science, this issue p. 974 


IN OTHER JOURNALS 


PLANT ECOLOGY 


Edited by Caroline Ash 
and Jesse Smith 


Let the grass grow old 


ver the past decade, there has been a reappraisal of the 
importance of grasslands in the global ecosystem. While 
they have often been regarded as a successional step en 
route to forest and woodland, there is increasing recogni- 
tion of the conservation value of old-growth grasslands. 
Nerlekar and Veldman synthesized data on species richness 
in grasslands worldwide, showing that old-growth grasslands 
display high plant species diversity and that weedy secondary 


grasslands 
oncluc ol 


MUTATION 
Calibrating mtDNA 


mutations through age 


Mitochondrial DNA (mtDNA) 
is aseparate genome found in 
eukaryotic cells that is mater- 
nally inherited. Mutations in 
mtDNA underlie several human 
diseases, and the accumula- 
tion of these mutations has 
been associated with aging. 
Arbeithuber et al. used duplex 
sequencing to trace accumula- 
tion of spontaneous mtDNA 
mutations in oocytes, brain, 
and muscle cells of mice. Ten- 
month-old mothers showed a 
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take centuries to recover old-growth 


two- to threefold increased rate 
of mtDNA mutation compared 
with their 1-month-old pups. The 
authors found that the D-loop, a 
stretch of triple-stranded highly 
variable DNA in the noncoding 
region of the circular mtDNA 
where replication initiates, 
accumulated the most muta- 
tions. These mtDNA mutations 
occurred in patterns, indicating 
that they were caused by replica- 
tion errors. It is possible that 
inheritance of aged mtDNA from 
older mothers may have health 
consequences for their offspring. 
—LMZ 

PLOS BIOL. 18, €3000745 (2020). 
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ARCTIC WARMING 


High heat 


arine heat waves, like their more commonly discussed terrestrial counterparts, are 

occurring with increasing frequency and strength. The Arctic is warming at a higher rate 

than any other comparably sized region on Earth. How are Arctic marine heat waves 

changing? Hu et al. examined sea surface temperature data and show that these 

marine heat waves have grown in frequency, duration, and intensity mostly in the places 
where sea ice coverage no longer lasts through the summer. This finding implies that marine 
heat waves will be even more common and intense as the multiyear ice cover of the Arctic 
continues to decrease. —HJS Geophys. Res. Lett. 47,e2020GL089329 (2020). 


Arctic sea ice loss causes stronger and more frequent marine heat waves there. 


NEUROSCIENCE 
Basal ganglia, beta 
oscillations, and insomnia 


Insomnia affects up to 60% of 
Parkinson's disease patients. 
Beta oscillations are especially 
prominent in the basal ganglia in 
idiopathic Parkinson's disease. 
Mizrahi-Kliger et al. hypothesized 
that basal ganglia pathophysiol- 
ogy may not only play a mediating 
role in Parkinson's motor symp- 
toms but may also contribute 

to Parkinson's insomnia. Using 
the vervet monkey Parkinson's 
model, which replicates the major 
biochemical, pathological, and 
clinical signs of the disease, the 
authors found that beta activity 
was consistently more prominent 
and widespread, including during 
non-rapid eye movement (non- 
REM) sleep. The Parkinsonian 
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state was accompanied by syn- 
chronized beta oscillations across 
the basal ganglia and cortex. 
Non-REM sleep beta oscillations 
associated with reduced cortical 
slow oscillations increased before 
spontaneous awakening and were 
correlated with the degree of 
insomnia. —PRS 


Proc. Natl. Acad. Sci. U.S.A. 117, 
17359 (2020). 


QUANTUM SENSING 
Trap and isolate to extend 
quantum lifetime 


The coherence time of a quan- 
tum system is an important 
parameter in the development 
of technologies that exploit the 
sensitive nature of quantum 
mechanics. Rubidium atoms 
have quantum mechanical spin, 
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each atom behaving like a tiny 
magnetic compass, which makes 
them exquisitely sensitive to local 
fluctuations in the magnetic field. 
Upadhyay et al. trapped single 
rubidium atoms in an ultracold 
parahydrogen matrix and then 
applied a sequence of pulses that 
further decoupled them from 
their immediate decoherence- 
inducing environment. With this 
trap-and-isolate protocol, the 
coherence lifetime of the rubid- 
ium atoms can be extended to a 
fraction of a second. The authors 
suggest that co-trapping a single 
molecule alongside a single 
rubidium atom could provide 

a platform for single-molecule 
nuclear magnetic resonance 
studies and the development of 
other quantum sensing technolo- 
gies. —ISO 


Phys. Rev. Lett. 125,043601 (2020). 
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PHYSICS 
Atransient 
superconductor 


Systems of interacting particles 
occupying a lattice can often 
be described by the so-called 
Hubbard model. This model has 
been studied extensively with 
cold atoms in optical lattices, 
where its parameters can be 
easily tuned. In a comple- 
mentary approach, Buzzi et 
al. investigated the organic 
molecular superconductor 
«-(BEDT-TTF),Cu[N(CN), ]Br, 
which can be described by the 
model, and used light to modu- 
late the Hubbard parameters. 
The frequency of the light was 
tuned to a vibrational mode of 
the molecular building block 
of this material. The photo- 
excitation caused the sample 
to (briefly) become supercon- 
ducting at temperatures much 
higher than the critical tempera- 
ture. Calculations indicated that 
this was a consequence of an 
unusual long-range state of dou- 
bly occupied lattice sites. —JS 
Phys. Rev. Lett. X10, 031028 (2020). 


MEDICINE 
Preventing protein 
truncation 


A rare neurodegenerative dis- 
ease called CLN3 Batten disease 
causes fatality by 20 to 30 years 
of age. The CLN3 gene encodes 
a lysosome membrane protein 
subject to deletions in exons 7 
and 8, which introduces a pre- 
mature termination codon and 
truncates the resulting protein 
by 257 amino acids. Centa et al. 
developed an antisense oligo- 
nucleotide that restored most 
of the carboxyl-terminal part 
of the protein by inducing exon 
5 skipping in messenger RNA 
processing. Injection of these 
oligonucleotides into the central 
nervous system of neonatal 
mice lacking C/n3 exons 7 and 
8 improved motor coordination 
and survival, indicating that even 
partial restoration of protein 
function can be therapeutically 
beneficial. -GKA 
Nat. Med. 10.1038/ 
s41591-020-0986-1 (2020). 
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PHOTOSYNTHESIS 
Architectures 
for light harvesting 


Conversion of light energy into 
chemical energy ultimately drives 
most biochemistry on earth. 
Photosynthetic organisms use 
diverse chemical and biologi- 
cal structures to harvest light in 
different environmental contexts. 
Croce and van Amerongen 
synthesized recent structural and 
spectroscopic work on photosys- 
tem complexes from oxygenic 
photosynthetic organisms. To 
best capture light, photosystems 
contain accessory light-harvest- 
ing complexes harboring complex 
networks of pigments that shuttle 
electronic excitations toward the 
core complex, which contains the 
reaction center. The arrangement 
of pigments and their connectiv- 
ity, as seen in high-resolution 
x-ray and cryo-electron micros- 
copy structures, inform our 
understanding of energy transfer 
rates derived from spectroscopic 
measurements and vice versa. 
The model that emerges is one of 
many parallel and unconnected 
pathways for energy transfer into 
the reaction center from the exte- 
rior light-harvesting complexes. 
—MAF 

Science, this issue p. 933 


ARTIFICIAL INTELLIGENCE 
Making robots useful 


The goal of creating generally 
intelligent robots that can carry 
out diverse tasks is a huge chal- 
lenge. In particular, programming 
how robots learn and adapt to 
their surroundings quickly and 
nondestructively is proving espe- 
cially difficult. In a Perspective, 
Pack Kaelbling discusses 
advances in machine learning 
based on ideas from cognitive 
neuroscience. In particular, the 
applications of reinforcement 
learning, where a valued outcome 
is reinforced, and how robots 
can be taught general lessons to 
apply to numerous situations are 
discussed. —GKA 

Science, this issue p. 915 


SCIENCE sciencemag.org 


BIOMEDICINE 
Remodeling senescent 
blood vessels 


The retina is a thin layer of 
nervous tissue at the back of 
the eye that transforms light 
into neuronal signals. The retina 
is essential for vision and is 
supported by networks of blood 
vessels. In diabetic retinopathy, 
acommon cause of vision loss, 
these microvessels degener- 
ate and regrow in an aberrant 
manner. Such degeneration 
and regrowth can compromise 
the functioning of retinal nerve 
cells. Binet et al. observed that, 
after rapid proliferation, vascular 
endothelial cells in diseased 
blood vessels engaged molecu- 
lar pathways linked to cellular 
senescence (see the Perspective 
by Podrez and Byzova). 
Senescent vascular units 
summoned an inflammatory 
response in which neutrophils 
extruded neutrophil extracellular 
traps onto diseased vessels to 
remodel them. This endogenous 
repair mechanism promoted the 
elimination of senescent blood 
vessels and could lead to benefi- 
cial vascular remodeling. —-SMH 
Science, this issue p. 934; 
see also p. 919 


CANCER IMMUNOLOGY 
BIN3Al governs 
antitumor responses 


T lymphocytes are immune cells 
that can be activated through 
their gamma delta (y8) or alpha 
beta (a@B) receptors. Both T cell 
types are found in human 
cancers, but current immuno- 
therapies do not harness their 
coordinated antitumor activity. 
Payne et al. found that BTN3A1 
and BTN2AI1, two members 

of the butyrophilin family of 
proteins, partner to activate 

the most abundant subset of 

8 T cells in peripheral blood. 
Antibodies targeting BTN3A1 
redirect y8 T cells to attack 
cancer cells while also increas- 
ing the activity of tumor-specific 


aB T cells. Thus, the killing of 
established tumors by different 
T cell subsets can be achieved 
through BTN3A1 targeting and 
may provide new strategies for 
cancer immunotherapy. —PNK 
Science, this issue p. 942 


CORONAVIRUS 
Protective neutralizing 


antibodies 


Antibodies produced by survi- 
vors of coronavirus disease 2019 
(COVID-19) may be leveraged 
to develop therapies. A first 
step is identifying neutralizing 
antibodies, which confer strong 
protection against severe acute 
respiratory syndrome corona- 
virus 2 (SARS-CoV-2). Rogers 
et al. used a high-throughput 
pipeline to isolate and character- 
ize monoclonal antibodies from 
convalescent donors. Antibodies 
were selected for binding to 
the viral spike protein, which 
facilitates entry into host cells 
by binding to the angiotensin- 
converting enzyme 2 (ACE2) 
receptor. Most isolated antibod- 
ies bound to regions of the spike 
outside of the receptor binding 
domain (RBD); however, a larger 
proportion of the RBD-binding 
antibodies were neutralizing, 
with the most potent binding 
at a site that overlaps the ACE2 
binding site. Two of the neutral- 
izing antibodies were tested in 
Syrian hamsters and provided 
protection against SARS-CoV-2 
infection. —VV 

Science, this issue p. 956 


ORGANIC CHEMISTRY 
Targeting a distant 
C-H bond 


Enzymes often have intricate 
active sites that bind one portion 
of a molecule to orient a distant 
portion for optimal reactivity. 
This type of orienting effect has 
proven a much greater challenge 
for small-molecule catalysts. 
Reyes et al. now report a simple 
ligand that can simultaneously 
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bind to an iridium catalyst 
through a pyridine substitu- 
ent while positioning an amide 
or ester reactant through a 
hydrogen-bonding urea. As a 
result, the catalyst exclusively 
borylates the site three carbons 
away from the carbonyl, with a 
second chiral ligand inducing 
high enantioselectivity. —JSY 
Science, this issue p. 970 


SURFACE CHEMISTRY 
Modifying MXene 
surfaces 


Unlike graphene and transi- 
tion-metal dichalcogenides, 
two-dimensional transition- 
metal carbides (MXenes) have 
many surface sites that can be 
chemically modified. Etching of 
the aluminum layer of a parent 
MAX phase Ti,AIC, layered 
material with hydrofluoric 

acid leads to the MXene Ti,C, 
with various surface termina- 
tions. Molten salts can achieve 
uniform chloride terminations, 
but these are difficult to further 
modify. Kamysbayev et al. show 
that etching of MAX phases in 
molten cadmium bromide leads 
to bromide-terminated MXenes 
that can then be substituted 
with oxygen, sulfur, selenium, 
tellurium, and NH groups as well 
as with vacancy sites. The sur- 
face groups can alter electronic 
transport. For example, the Nb,C 
MxXenes exhibit surface group— 
dependent superconductivity. 
—PDS 


Science, this issue p. 979 


NEUROSCIENCE 
A present-day atlas 
of the human brain 


Defining brain regions and 
demarking their spatial extent 
are important goals in neu- 
roscience. A modern map of 
the brain's cellular structure, 
a cytoarchitectonic atlas, 
should provide maps of areas 
in three dimensions, integrate 
recent knowledge about brain 
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parcellation, consider varia- 
tions between individual brains, 
rely on reproducible workflows, 
and provide web-based links 
to other resources and data- 
bases. Amunts et al. created 
such an atlas based on serial 
histological sections of brain. 
They developed a computational 
framework and refined the cur- 
rent boundaries of the human 
brain based on cytoarchitectural 
patterns. This technique can 
easily be transferred to build 
brain atlases for other species 
or a Spatial framework for other 
organs, other modalities, or 
multimodal maps for regions of 
interest at higher spatial scales. 
This research makes similar 
future attempts simultaneously 
reproducible and flexible. —PRS 
Science, this issue p. 988 


DRUG DEVELOPMENT 
Targeting STING for 


cancer therapy 
Activation of the STING 
(stimulator of interferon genes) 
protein by cyclic dinucleotide 
metabolites plays a critical 
role in antitumor immunity. 
The development of synthetic 
STING agonists is therefore 
being pursued as a strategy for 
cancer therapy, but the inherent 
instability of dinucleotides has 
limited current efforts. Pan et al. 
and Chin et al. identified stable 
STING agonists that act ina 
“closed” conformation similar to 
the natural STING ligand, cyclic 
guanosine monophosphate- 
adenosine monophosphate (see 
the Perspective by Gajewski and 
Higgs). The small molecules can 
be given orally—an advantage 
over previously developed STING 
agonists, which required intra- 
tumoral administration. After 
oral or systemic administration 
in mice, the agonists activated 
STING and diverse immune cell 
types to promote antitumor 
immunity. These studies repre- 
sent progress toward clinically 
viable STING agonists for cancer 
immunotherapy. —PNK 

Science, this issue p. 935, p. 993; 

see also p. 921 
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CORONAVIRUS 
An antibody cocktail 
against SARS-CoV-2 


There is an urgent focus on 
antibodies that target the severe 
acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) 
viral spike and prevent the virus 
from entering host cells. Hansen 
et al. generated a large panel 
of antibodies against the spike 
protein from humanized mice 
and recovered patients. From 
this panel, they identified several 
neutralizing antibodies, including 
pairs that do not compete for 
binding to the receptor binding 
domain. Baum et al. focused 
in on four of these antibodies. 
All four are effective against 
known spike variants. However, 
by growing a pseudcovirus that 
expresses the spike in the pres- 
ence of individual antibodies, the 
authors were able to select for 
spike mutants resistant to that 
antibody. In contrast, escape 
mutants are not selected when 
pseudovirus is grown in the pres- 
ence of pairs of antibodies that 
either do not compete or only 
partially compete for binding to 
the RBD. Such a pair might be 
used in a therapeutic antibody 
cocktail. —-VV 

Science, this issue p. 1010, p. 1014 


GLOBAL CLIMATE CHANGE 


All together then 


Many geographically dispersed 
records from across the globe 
reveal the occurrence of abrupt 
climate changes, called inter- 
stadial events, during the last 
glacial period. These events 
appear to have happened at 
the same time, but the difficulty 
of determining absolute dates 
in many of the records have 
made that proposition difficult 
to prove. Corrick et al. present 
results from 63 precisely dated 
speleothems that confirm the 
synchrony of those interstadial 
events. Their results also provide 
a tool with which to validate 
model simulations of abrupt cli- 
mate change and calibrate other 
time series such as ice-core 
chronologies. —HJS 

Science, this issue p. 963 
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DEVELOPMENTAL BIOLOGY 
In utero treatment for 


hypertension 


Chronic hypoxia during fetal 
development increases car- 
diovascular risk in offspring. In 
experiments in sheep, Botting 
et al. found that inhibition of 
hypoxia-induced mitochondrial 
stress through in utero delivery 
of mitochondria-targeted ubiqui- 
none (MitoQ) prevented growth 
restriction and cardiovascular 
dysfunction. Offspring of the 
treated sheep were protected 
from adult-onset hyperten- 
sion. In chick embryos, MitoQ 
treatment precluded structural 
and functional heart defects 
due to hypoxia. Thus, in utero 
therapy to mitigate fetal hypoxia 
exposure may protect against 
adult-onset cardiovascular dys- 
function. —JP 
Sci. Adv. 10.1126/ 
sciadv.abb1929 (2020). 


CYTOKINES 


Delivering IL-2 toT,... 
Interleukin-2 (IL-2) not only 
promotes activation and expan- 
sion of conventional T cells 
but also plays a crucial role in 
regulating homeostasis and 
functions of regulatory T cells 
(T regs): Because expression of 
the high-affinity IL-2 recep- 
tor is largely restricted to Tyegs, 
engineering IL-2 variants called 
muteins that selectively bind to 
the high-affinity IL-2 receptor 
and potentiate T,.. functions 
can be used in the treatment of 
autoimmune diseases. Khoryati 
et al. engineered a mouse IL-2 
mutein that selectively promotes 
expansion Of Tyeg.. They demon- 
strate that administration of this 
IL-2 mutein resolved ongoing 
diabetes in nonobese diabetic 
mice. This proof-of-principle 
study raises the possibility that 
engineered human IL-2 muteins 
could be used in the treatment 
of autoimmune diseases. —AB 
Sci. Immunol. 5, eaba5264 (2020). 


MICROROBOTS 
Robots fuel up 


Batteries are a convenient 
source of energy for untethered 


Published by AAAS 


miniature robots. However, the 
low specific energy of small- 
scale batteries sets limits on 
how long such a robot can 
operate. Yang et al. report 
an insect-scale robot called 
RoBeetle that is powered by the 
controlled catalytic combus- 
tion of methanol, a fuel with 
more than 10 times the specific 
energy of a small-scale battery. 
RoBeetle, with size and mass 
comparable to a small insect, 
can carry payloads of up to 2.6 
times its body weight, crawl 
on rough surfaces, and ascend 
inclines of 15 degrees. —-MML 
Sci. Robot. 5,eaba0015 (2020). 
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REVIEW SUMMARY 


PHOTOSYNTHESIS 


Light harvesting in oxygenic photosynthesis: 
Structural biology meets spectroscopy 


Roberta Croce* and Herbert van Amerongen 


BACKGROUND: The harvesting of photons is 
the first step in photosynthesis, the biological 
process that transforms solar energy into chem- 
ical energy. The photosynthetic membranes 
of algae and plants are packed with protein 
complexes binding many chlorophyll and 
carotenoid pigments, which are combined to 
form functional units. These units, called the 
photosystem I and II (PSI and PSII) super- 
complexes, are composed of a reaction center 
(RC) where photochemistry occurs and an 
antenna comprising hundreds of pigments. 
Because even direct sunlight is a dilute form of 


EET Chl b to Chla in complex 


RCs of PSI and PSII in vivo occurs within 20 to 
300 ps, and the maximal quantum efficiency is 
close to 1.0 for PSI and 0.9 for PSII. How is this 
high efficiency achieved? 


ADVANCES: In recent years, structures of 
supercomplexes from various algae and plants 
have been determined at near-atomic reso- 
lution using cryo-electron microscopy. These 
structures revealed the pigment-binding ar- 
chitecture of many subunits and showed the 
static interactions between subunits in detail 
for the first time. The biggest surprise was 


EET between complexes via Chl a 


but more modular antenna system to quickly 
respond to the typical changes in light intensity 
experienced on land. 

The processes of EET and CS in some of 
these supercomplexes and their subcomplexes 
have been studied with a variety of time- 
resolved spectroscopic techniques. The excited- 
state kinetics of these complexes can now be 
related to the structures to reveal the preferred 
EET pathways and possible bottlenecks of the 
process. This leads to, for example, the sur- 
prising conclusion that excitations created in 
the major light-harvesting complex of plants 
and green algae are not always transferred to 
the RCs through the minor antenna complexes, 
but rather, several parallel transfer pathways 
exist that may facilitate regulatory processes. 
It is also becoming clear that the antenna of 
PSI can become substantially larger than 
that of PSII while maintaining a high quan- 
tum efficiency. 


OUTLOOK: The high-resolution structures of 
the supercomplexes of plants and algae rep- 
resent an excellent starting point for study- 
ing energy flow in detail 
using advanced modeling. 
Complexes such as plant PSI 


Ts ——— have been studied in detail 
by spectroscopy, but little is 
oe EETbetween known about the functional 
Equilibration complexes Excited behavior of must otthealeal 
EET Car to Chl CS in the RCs within complexes via Chl b state decay ssbb 8 
Eee [==] supercomplexes. Spectro- 


*| 


100 fs lps 


r 


PSI - LHCI 


PSI core 


Timeline of light-harvesting processes. (Top) Many transfer steps between carotenoid and chlorophyll (Chl) a and b molecules 
occurring on different time scales eventually lead to CS and trapping in the RCs. Transfer between complexes occurs mainly through Chl 
a and not Chl b. (Bottom) Together, these individual steps determine the average trapping times in the PSI and PSII supercomplexes. 


energy, the antenna is crucial to increasing the 
light-harvesting capacity of the RC. After light 
is absorbed by a pigment in one of these com- 
plexes, excitation energy transfer (EET) to a 
nearby pigment occurs. EET proceeds until 
the excitation reaches the RC, where charge 
separation (CS) takes place. The faster the 
energy reaches the RC, the higher the photon- 
to-electron conversion efficiency is because 
this process needs to beat the natural excited- 
state decay of the pigments. The trapping in the 
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probably the large variability between organ- 
isms in the design of the organization of the 
antenna around a highly conserved core. 
This is particularly striking for PSI, which can 
accommodate many antenna subunits asso- 
ciated to the core at positions that can change 
between organisms. These differences mainly 
reflect adaptation to specific light conditions. 
For example, whereas organisms living in water 
or in a low-light environment have developed a 
large antenna, plants seem to have a smaller 


PSII C,SoMAN, 


scopic measurements on these 
complexes are now required 
to relate structure to func- 
tionality. All supercomplexes 
in vivo are embedded in the 
very crowded environment 
of the thylakoid membrane, 
where they can interact with 
each other, so the next step is 
to study the complexes in 
their natural environment. 
The combination of struc- 
tural biology, advanced spec- 
troscopy, and modeling will 
provide a molecular under- 
standing of light harvesting 
and its regulation in phys- 
iologically relevant condi- 
tions. These insights will 
also provide a basis for 
rational redesign of the photosynthetic appa- 
ratus, which could yield increases in crop 
productivity. 


10 ns 


The list of author affiliations is available in the full article online. 
*Corresponding author. Email: r.croce@vu.nl 

Cite this article as R. Croce, H. van Amerongen, Science 369, 
eaay2058 (2020). DOI: 10.1126/science.aay2058 


S READ THE FULL ARTICLE AT 
https://doi.org/10.1126/science.aay2058 


lof1 


RESEARCH 


PHOTOSYNTHESIS 


Light harvesting in oxygenic photosynthesis: 
Structural biology meets spectroscopy 


Roberta Croce! and Herbert van Amerongen? 


Oxygenic photosynthesis is the main process that drives life on earth. It starts with the harvesting of solar 
photons that, after transformation into electronic excitations, lead to charge separation in the reaction 
centers of photosystems | and II (PSI and PSII). These photosystems are large, modular pigment-protein 
complexes that work in series to fuel the formation of carbohydrates, concomitantly producing molecular 
oxygen. Recent advances in cryo-electron microscopy have enabled the determination of PSI and PSII 
structures in complex with light-harvesting components called “supercomplexes” from different 
organisms at near-atomic resolution. Here, we review the structural and spectroscopic aspects of PSI and 
PSII from plants and algae that directly relate to their light-harvesting properties, with special attention 
paid to the pathways and efficiency of excitation energy transfer and the regulatory aspects. 


rimary production on our planet is per- 
formed by the process of photosynthe- 
sis (1). The mechanisms through which 
living organisms convert light energy into 
chemical energy are complicated and 
diverse. Although a number of subprocesses 
have been studied at considerable depth, there 
are still many knowledge gaps concerning the 
overall performance. Understanding oxygenic 
photosynthesis in particular is essential for 
improving photosynthetic efficiency to increase 
crop productivity (2, 3). Recent proofs of prin- 
ciple showed that subprocesses in both the 
light and dark phase of photosynthesis can be 
improved, leading to a substantial increase of 
biomass production (4-7). These advances 
can only be made by building on a vast amount 
of fundamental research performed in numer- 
ous laboratories around the world. 
Photosynthesis research has addressed many 
detailed aspects of the performance of specific 
subunits, whereas the interaction between sub- 
units remained underexposed. Progress is now 
being made on understanding higher-level 
organizations of components with the publication 
of the structures of a variety of photosynthetic 
multiprotein complexes (“supercomplexes”) at 
near-atomic resolution. With these structures, 
we can now see in detail how the subcom- 
plexes are physically connected to each other, 
which will contribute to our understanding 
of how they functionally interact. Complexes 
from a variety of organisms are also becoming 
available, informing on the diversity of mech- 
anisms. The central core of these complexes 
is common to all organisms, whereas other 
features show variations related to adaptation 
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to different environmental conditions. In 
this review, we discuss a number of recently 
determined structures of supercomplexes of 
photosystems I and II (PSI and PSII), the main 
players in the light phase of oxygenic photo- 
synthesis. Together, they capture sunlight to 
extract electrons from water (PSII) and reduce 
NADP* to NADPH (PSI), whereas in parallel, 
they contribute to the creation of a proton 
gradient used for ATP formation. NADPH and 
ATP are then used in the dark reactions to 
synthesize carbohydrates from CO, in the 
Calvin-Benson-Bassham cycle. Here, we ana- 
lyze how these structures relate to earlier spec- 
troscopic and functional studies and arrive at 
some unexpected outcomes that should be 
further addressed in future research. 


The photosystems 


The basic working principles of the PSI and 
PSII supercomplexes are the same: Light is 
harvested by their associated pigments (chlo- 
rophylls and carotenoids; Box 1 and Fig. 1) and 
the resulting excitation energy is transferred, 
mainly through closely spaced chlorophyll a 


(Chl a) molecules, to the reaction center (RC) 
complex, where a stable charge separation (CS) 
is created (8). 

A typical plant photosystem contains ~150 
Chls per RC, meaning that it can absorb at 
most one photon every millisecond (J). After 
light absorption has occurred, the energy is 
stored in the excited state of the pigments for 
avery short amount of time [for chlorophylls 
in the thylakoid membrane, the excited-state 
lifetime (t) is typically 2 ns (9)] as all molecules 
relax rapidly to the ground state through a 
number of deexcitation processes. To ensure a 
high photon-to-electron conversion efficiency 
(also called quantum efficiency), it is therefore 
necessary that the harvested energy is transferred 
to the RC fast enough to beat the other de- 
excitation processes. The time that it takes for 
an excitation to reach the RC and induce CS 
(tcs) varies considerably, from ~20 ps in the 
PSI core (JO, 17) to ~300 ps in large PSII com- 
plexes (12, 13). For the PSI core, this leads to a 
maximum quantum efficiency of CS of @cs = 
1- tcs(20 ps)/t(2 ns) = 0.99, whereas it can be 
cs = 1- Tcs(300 ps)/t(2 ns) = 0.85 for PSII in 
vivo. However, in most conditions, and espe- 
cially in high light when photoprotective mech- 
anisms are turned on, the quantum efficiency 
can decrease substantially (4). It is important 
to realize that this quantum efficiency is not 
the same as the photosynthetic efficiency, which 
compares the energy of the final products 
(sugars) with the original energy contained in 
the absorbed photons and depends on many 
additional processes [see, e.g., (2) and (14)]. 

Both PSI and PSII can be divided into two 
parts: (i) a core complex, which contains both 
the RC and the inner antenna system, coordi- 
nating ~100 Chls a in PSI and ~35 Chls a in 
PSIL, and is highly conserved in cyanobacteria, 
algae, and plants; and (ii) an outer antenna, 
the size and composition of which depend on 
the type of organism and growth conditions 
(15, 16). The antenna is needed to increase the 
absorption cross section of the RC because even 
in the highest possible natural light conditions, 
one Chl would absorb a photon only ~10 times 


aT 
Box 1. Pigments and EET between them (see Fig. 1). 


Plants and green algae make exclusive use of Chis a and b, whereas some algae contain Chl c (23) 
and some cyanobacteria can synthesize Chl d and Chl f (102, 103). Directly after excitation of a Chl, 
relaxation (internal conversion) takes place within at most several hundred femtoseconds to the first 
excited state, from where EET to neighboring Chis takes place. The rate of transfer (k) can be 
approximated by making use of Forster theory (104) [for the equation, see Fig. 1; numbers were taken 
from (105)]. Even for the short distances present in LHCs, this theory provides reasonable values for 
amplitudes and rates of transfer (45, 105). After rapid thermal equilibration of an excitation within a Chl 
a-Chl b pair as indicated in Fig. 1, the probability of finding the excitation on Chl a and b at room 
temperature is 0.90 and 0.10, respectively, using either the principle of detailed balance or applying the 
Boltzmann equilibrium equation. In addition, carotenoids are present in photosynthetic organisms and 
are involved in both light harvesting and photoprotection. Carotenoids absorb green and blue light and 
rapidly (<1 ps) transfer their energy to neighboring Chls (106). 
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Fig. 1. Properties of photosynthetic pigments. Left, energy diagram. Right, absorption spectra. See Box 1 for details. 


per second (7). In cyanobacteria, the outer 
antenna is composed of phycobilisomes: huge, 
water-soluble multiprotein complexes anchored 
to the membrane (17-20) that are also present 
in red algae. In plants and most algae, the 
outer antennas are located in the thylakoid 
membrane and are members of the light- 
harvesting complex (LHC) multigenic family. 
Together with the core, they form the PSI and 
PSII supercomplexes, which will be addressed 
in this review. The plant LHCs all have an 
almost identical pigment-protein organization 
(21), but they can have very different spectro- 
scopic properties (Fig. 2). Each monomer is 
composed of an apoprotein of ~25 kDa with 
three transmembrane helices and a number 
of pigments accounting for another ~15 kDa 
(11 to 15 Chls and three to four carotenoid 
molecules) (Fig. 2). Although the core com- 
plexes, in addition to carotenoids, only bind 
Chl a, the LHCs of plants and green algae 
also bind Chl 8, the lowest energy transition 
of which is at higher energy than that of Chl 
a (Fig. 1). This makes Chl b an excellent ex- 
citation energy donor for Chl a, but a not so 
good energy acceptor (Figs. 1 and 3). The Chl 
a/b ratio varies between antenna complexes 
from 1 to 6 but for most of them it is ~2 (22). The 
LHCs of diatoms, called fucoxanthin-binding 
proteins (FCPs) (Fig. 2), do not bind Chl b, but 
rather Chl c, and they contain fewer Chls (nine 
or 10 in total) and more carotenoids (six or seven 
fucoxanthins) (23). Fucoxanthin and Chl ¢ rel- 
atively increase the absorption cross section 
for blue-green light, which is dominant in a 
water environment. Chl c is peculiar because 
it lacks the phytol chain that is present in all 
other chlorophylls, and this absence allows the 
binding of more carotenoids in FCPs (Fig. 2, 
inset) (24). 
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The structures of the supercomplexes of PSI 
(25-27) and PSII (28-30), as well as the num- 
ber of associated LHCs, differ substantially. In 
plant PSI (Fig. 4), four LHCs (Lhceal to Lhca4) 
are associated with a monomeric core forming 
the PSI-LHCI supercomplex. The PSII C.S.M» 
supercomplex (Fig. 5) instead contains a dimeric 
core (C3), and each core is associated with three 
monomeric LHCs (CP29, CP26, and CP24, also 
called minor antennas) and two LHCII trimers 
called S (strongly bound) and M (moderately 
bound). The M-trimer and CP24 are absent in 
the smaller version of the plant supercomplex 
(C,S5, Fig. 5), which is the dominant form in 
high-light conditions (37). Slightly different 
C,S,M, supercomplexes lacking CP24 have 
been observed in conifers (32), pointing to 
variation in structure inside the plant king- 
dom. Very recently, cryo-electron microscopy 
(cryo-EM) has also provided high-resolution 
structures of complexes from various algae. 
Although the basic unit is similar in all species 
studied, the organization and the dimension 
of the outer antenna differ depending on the 
environmental niche where the organisms live 
(33). For example, PSI and PSII of the model 
green alga Chlamydomonas reinhardtii (Figs. 
4 and 5) are far larger than those of plants, 
containing 10 or 11 antennas per core or even 
more (34-38). PSII of diatoms (Chaetoceros 
gracilis; Fig. 5), on the other hand, has a similar 
overall organization as the plant complex but 
contains more subunits (up to 35) and the 
outer antennas (FCPs) form tetramers instead 
of trimers (39, 40). 

The supercomplex structures have recently 
been used as a starting point for molecular 
dynamics simulations to unveil channels for 
the oxidized or reduced quinones entering or 
leaving the RCs, respectively (47), or for protons 
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that leave PSII after water splitting has oc- 
curred (42). Conversely, pathways for excita- 
tion energy transfer (EET) to the RC are less 
specific in the sense that many pigments can 
transfer their excitation energy to different 
neighbors, thereby creating a multitude of 
transfer pathways to the RC. Detailed modeling 
of EET in the photosystems might be per- 
formed using advanced quantum-mechanical 
methods that were applied to early models of 
the PSII supercomplexes (43, 44) but not yet to 
the new structures. Therefore, we will use a 
simplified and more intuitive approach to 
discuss EET in the supercomplexes. 


Chl b molecules limit free diffusion of 
excitation energy 


A crucial parameter for the rate of EET be- 
tween two pigments is their mutual distance. 
In the LHCs, most nearest neighbors within 
one complex are ~10 A from each other and 
show strong electrostatic (excitonic) interac- 
tions, which lead to extremely fast EET. EET 
in individual complexes has been studied ex- 
tensively, showing that within a few hundred 
femtoseconds after Chl b excitation, most of 
the excitations are already localized on Chl a 
molecules (33, 45-47), which are lower in energy 
(Box 1 and Fig. 1). EET within individual 
complexes has been modeled with quantum- 
mechanical methods, and the light-harvesting 
properties of these complexes are now rela- 
tively well understood, particularly those of 
LHCII (16, 45, 48). On the other hand, EET 
from a Chl } molecule on one complex to a Chl 
molecule on a neighboring complex, which are 
in general more than 15 A apart, is far slower, 
typically ~10 to 20 ps (Fig. 3). The effective 
time of transfer from one complex to the other 
through such a Chl 6-Chl a donor-acceptor 
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Fig. 2. Comparison of the structures and the absorption and fluorescence spectra of LHCII, Lhca4 (a PSI subunit), and FCP. [For original data, please see 
(107), (25), and (24), respectively.] (Left) Comparison of apoprotein structure and carotenoid organization (LHCII in orange, Lhca4 in yellow, FCP in dark yellow). 
(Center) Chlorophyll organization; the inset shows the overlay of a Chl a of LHCII including its phytol chain and a Chl c and fucoxanthin occupying the same position in 
FCP. (Right) 77K absorption (solid) and fluorescence (dashed) spectra. 


——————————————————————————————— 
Box 2. Estimating rates of EET between different pigment-protein complexes. 


The rate of EET from LHC A to B (kag) can be estimated as follows. When this transfer is dominated 
by transfer between two pigments i (in A) and j (in B) (hopping rate kj), then the overall transfer rate 
can be approximated by kag = pjkj, where p; is the probability that the excitation resides on donor 
pigment i when complex A is excited. Using the numbers provided in Fig. 1, it can be calculated that the 
average probability p, in monomeric LHCII is ~0.013 and that one of the six Chl b molecules is in the 
excited state, whereas pz = ~0.115 for one of the eight Chl a molecules. The total rate of transfer from 
complex A to B should in general be summed over all pigment pairs i and j of both complexes, but only 
one or a few pigment pairs dominate in most cases. The effective transfer time from complex A to B is 
thUS Thop/Di (thop = ky), and this time has to be augmented with the migration time tmig, which is the 
average time that it takes for an excitation within the complex to reach the pigment that is transferring 
to the neighboring complex: tett = thop/Pi + tmig (76). The value Of tmig for an LHCIl trimer is ~25 ps 
(105), and for the monomeric complexes, we use an approximate value of 10 ps. 


pair is even a factor of ~80 slower. The reason 
for this is that an excitation in, e.g., an LHCII 
monomer spends only 1.3% of its time on one 
of its Chl 6 molecules (see Box 2), leading to an 
effective “hopping” time of 1 to 2 ns. Because 
this is far longer than the average hopping 
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time between complexes, which was estimated 
to be ~25 ps based on time-resolved fluores- 
cence studies (49), it can safely be concluded 
that EET between complexes does not proceed 
through Chls b, and transfer pathways that 
involve interacting Chl a molecules are the 
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most prominent. Only after direct excitation 
might one or two Chls 0 preferably transfer 
their excitation energy to a neighboring com- 
plex, but even these Chls do not function as 
efficient bridges for EET between complexes. 
A timeline of the different EET processes oc- 
curring within the complexes and between 
them is shown in Fig. 3. 


Light harvesting of PSI supercomplexes 

PSI is considered to be the most efficient 
photon-to-electron converter in nature (50). In 
the PSI core (Fig. 4) of organisms as different 
as cyanobacteria and plants, it takes only ~20 
ps after the absorption of a photon by one of 
the ~100 core Chls to extract an electron from 
the RC. Therefore, the quantum efficiency of 
CS is close to 1. In cyanobacteria, the core is 
usually present as a trimer and sometimes as a 
tetramer (57). In plants, it is instead mono- 
meric, and four antenna complexes are as- 
sociated with it as Lhcal-4 and Lhcea2-3 dimers 
(PSI-LHCT; Fig. 4), increasing the absorption 
cross section of the PSI core by ~60%. The 
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Fig. 3. Timeline of different processes related to light harvesting. 
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Fig. 4. Structures of PSI from various organisms. [For original data, please see (27), (38), (62), (64), and (108)]. For most complexes, the number of Chis and the 
average time of trapping of excitations in the reaction center are provided (11, 57, 65, 109). In each structure, the new elements compared with the structure 
before are highlighted in brighter colors and/or their names are given. The subunits that are common to several complexes are shown in the same color; e.g., the 


individual subunits of the PSI core are shown in different blue colors in the PSI core of cyanobacteria, whereas in the other structures, the core is shown in light blue. 
Chl a is shown in green, Chl b in blue, and carotenoids in orange. *The number of Chls is estimated based on the number of LHCs (68). 
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structures of the Lhcas are highly conserved 
but their spectroscopic properties differ subs- 
tantially (52), especially because both Lhca3 
and Lhca4 contain Chls that absorb >700 nm 
(Fig. 2); these are called red Chls. Their excited- 
state energies are lower than those of most 
of the Chls of PSI (absorbing in the 670 to 
680 nm range; these are called bulk Chls) and 
thus strongly influence EET by introducing 
energetically uphill transfer steps (10). The 
intrasubunit equilibration time in all Lhcas is 
very fast (<10 ps), whereas the intersubunit 
time of EET within the Lhca dimers is some- 
what slower (53). When they are part of the 
PSI supercomplex, these Lhes mainly transfer 
directly to the core. The transfer is very fast for 
Lhcal and Lhca2, whereas from Lhca3 and 
Lhcaé4, it appears to be slower, mainly because 
of their red Chls. Despite several slow EET 
transfer steps, the overall trapping time in 
the PSI-LHCI supercomplex is only ~50 ps, 
with quantum efficiency still close to 1 (54-56). 
Considering the experimental results men- 
tioned above, the organization of the Chls in 
the x-ray structures of PSI not showing con- 
nections between Lhca2 and the core was 
puzzling (25, 26). This apparent inconsistency 
was solved by the most recent cryo-EM 
structure, which revealed the position of one 
additional subunit (PsaN, in pink in Fig. 4), 
which is located between Lhca2 and the core 
and binds two Chls (27). By applying the cal- 
culation method provided in Box 2, we obtain 
effective times of transfer within the dimers 
and from individual complexes to the core 
that are all close to what was determined ex- 
perimentally (54, 55), demonstrating that the 
simplified way of estimating transfer times 
can help us to better understand the origin of 
the experimental findings. An overview of the 
various transfer times and pathways in PSI is 
given in Fig. 6. 

For a long time, the structure described 
above was considered to represent the defin- 
itive PSI complex of plants. However, the picture 
that is now emerging is that in most condi- 
tions, at least one LHCII trimer is also present, 
forming PSI-LHCI-LHCII complexes (57-59) 
(Fig. 4). This addition results in an increase of 
the absorption cross section by 25% without 
substantially influencing the charge separa- 
tion efficiency. It is important to note here 
that LHCII does not contain any red Chls 
(45) (Fig. 3). LHCII is energetically very well 
connected to PSI, transferring its energy 
directly to the core while increasing the overall 
trapping time of the complex by only ~10 to 
20 ps (57, 60). In a more recent study, the 
transfer from LHCII to PSI appeared to be 
heterogeneous, suggesting the presence of two 
particles with slightly different LHCIH-core con- 
nections (67). The structure of the PSI-LHCI- 
LHCI complex of maize (27) shows that LHCII 
is directly connected to the core through two 
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Chls on a newly identified subunit (PsaO, in 
brown in Fig. 4), and the calculated transfer 
time is ~75 ps, which is relatively close to the 
slowest time obtained by spectroscopy (61). 
New structural data from organisms that 
can experience low-light conditions show 
that the antenna size of PSI can be further 
increased by the association of additional Lhcas 
(37, 38, 62-64). In the green algae C. reinhardtii 
(37, 38) and Bryopsis corticulans (63), four more 
Lhcas form a second belt associated with the 
PSI-LHCI basic structure as present in plants, 
whereas two more Lhcas are directly con- 
nected to the core, which is also the case in PSI 
from the red alga Cyanidioschyzon merolae (Fig. 
4). The absorption cross section is increased by 
>50% compared with that of plant PSI, but 
the trapping time of the two complexes is very 
similar (65). This may not seem intuitive because 
the trapping time usually increases with an- 
tenna size [see, e.g., (66)], but the reason is 
that the Lhcas in C. reinhardtii do not contain 
the same red Chls that are present in plants. 
Therefore, the energetic uphill step is far less 
steep, leading to faster EET, which compensates 
for the larger antenna size (65). Unfortunately, 
the EET rates cannot be calculated from the 
available C. reinhardtii structures because the 
resolution does not allow discrimination be- 
tween Chls a and 8, information that is crucial 
to permit the identification of the transfer 
pathways, and only ~50% of the expected Chls 
b (67) were assigned (38). Recently, the struc- 
ture of an even larger complex from the moss 
Physcomitrella patens, containing 12 LHCs, 
was determined. Although the current resolu- 
tion does not allow identification of the pig- 
ments, this structure shows new docking sites 
for the antennas (64, 68), suggesting that the 
antenna size of PSI can be even larger than that 
observed in the complexes purified up to now. 


Light harvesting of PSII supercomplexes 


The core complex of PSII (69) (Fig. 5) is highly 
conserved in all organisms performing oxy- 
genic photosynthesis [for a recent review, see 
(70)]. Its average excited-state lifetime is typically 
~60 to 100 ps (66, 71-73), and the observed 
variation may be due to different stability of 
the isolated complexes (74). This lifetime is 
dominated by the relatively slow transfer from 
the internal antennas CP43 and CP47 to the 
RC, whereas the process of CS itself is much 
faster (70). Although the core complex is mainly 
present as a dimer, calculations based on the 
available structures indicate that EET between 
both adjacent monomers is relatively slow. 
Compared with PSI, the association of the 
outer antenna to PSII is weaker, easily leading 
to disassembly during purification. As a result, 
the first homogeneous preparation of the PSII 
supercomplex was not reported until 2009 (75), 
and the number of spectroscopic studies has 
been limited. In a study comparing different 
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supercomplexes of plants, an increase in average 
lifetimes was reported going from the core to 
C,S_ and C.S.M, (66), consistent with the 
expectation that a larger antenna size cor- 
responds to a longer excited-state lifetime 
(trapping time) (76). 

Applying the calculation method presented 
in Box 2 to the PSII C,S, structure (29) (Fig. 5) 
shows that the minor complexes CP26 and CP29 
are well connected to the core. However, in 
contrast to what has been reported previously 
(28, 29), they do not function as bridges be- 
tween S-LHCII and the core: All LHCII pig- 
ments that are close enough for efficient transfer 
to CP26/CP29 were reported to be Chl } mole- 
cules (28, 29) and therefore S-LHCII transfers 
directly to the core. 

In the C,S,M, complex (28, 30) (Fig. 5), the 
M-LHCII trimer is physically connected to 
CP24, CP29, and S-LHCII, but it transfers ex- 
citations mainly (80%) to CP29 and the connec- 
tion is excellent. According to the structures, 
the close connections between the Chls of 
CP24 and those of CP29 all involve Chl b 
molecules, so EET to the core should proceed 
through M-LHCII. It cannot be ruled out that 
the assignment of the Chl b and Chl a pig- 
ments in the structure of CP24 is not entirely 
correct. It was experimentally determined that 
in CP24 after exciting Chl 6, >~85% of the 
excitation energy arrives on Chl a with a time 
constant of 600 fs (77); however, based on the 
published structure, this percentage is calcu- 
lated to be <50%, whereas most EET is sub- 
stantially slower than 1 ps. 

In 2019, several groups published the 
structure of the PSII supercomplex C2S,.M No 
of the green alga C. reinhardtii (84-36) (Fig. 5). 
This complex is not only larger, containing 
an additional N-LHCII trimer (also called an 
L-trimer) compared with plants, but it also 
lacks CP24 and shows a different orientation 
of the M-trimer. This different orientation leads 
to different excitation energy transfer pathways 
in plants and algae, as will be discussed below. 
Its C,S, part is very similar to that of plants and 
the calculated effective rates of EET from S- 
LHCII, CP29, and CP26 to the core are nearly 
identical. Although it was originally believed 
that excitations from M-LHCII and N-LHCII 
flow to the core through CP29 (35), closer in- 
spection of the structures shows that all close 
contacts between CP29 and the S-, M-, and N- 
trimers involve Chl b. Conversely, the N-LHCII 
trimer has many good connections with M- 
LHCII, and M-LHCTII is also better connected 
to one of the S-LHCIIs than to CP29; there- 
fore, S-LHCII functions as the bridge between 
the N- and M-trimers and the core. 

Fig. 6 provides an overview of the EET 
pathways in the various supercomplexes. It 
was unexpected that there are mainly parallel 
pathways to the core. It had always been ac- 
cepted that the minor complexes functionally 
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Fig. 5. Structures of PSII from various organisms. 
and the average time of trapping of excitations in the 


connect LHCII to the core, whereas the struc- 
tural studies now imply that this is only the 
case for CP29 in C.S_Mbz of plants, which acts 
as the main “bridge” between M-LHCII and 
the core. Analyses of plant mutants lacking 
individual antenna complexes show that, al- 
though the absence of CP26 has a negligible 
effect on the transfer of energy in PSII, the im- 
pact of the absence of CP29, and especially of 
CP24, is very large, leading to functional discon- 
nection of the antenna from the core (12, 78). 
Taken together, the structural and functional 
results suggest that some of the minor antennas 
perform a structural role in maintaining the or- 
ganization of the supercomplex. However, they 
play a limited role in light harvesting in the 
sense that they contain relatively few pigments 
and do not connect LHCII to the core, with the 
exception of CP29 in plants and, to a far lesser 
extent, in C. reinhardtii. The view that the 
minor complexes have a structural role rather 
than an important direct role in light har- 
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C,S, 
Spinacia oleracea 


Chis = 144-145 +: n.d. 


C,S.M2 
Pisum sativum 


Chis = 185-189 t+: 200 ps 


For original data, please see (28), (29), (35), (39), (40), and (110).] For most complexes, the number of Chls 
reaction center are provided (66, 73, 111). Chl a is shown green, Chis b in blue, and carotenoids in orange. 


vesting is compatible with the situation in 
C. reinhardtii, in which CP24 is absent and 
CP29 therefore appears to be less strongly 
anchored in the supercomplex. Indeed, in this 
green alga, CP29 can migrate to PSI together 
with LHCII to rebalance the excitations over 
the two photosystems in the light conditions 
that are favorable for PSH, a process known as 
state transitions (79). 

It is important to note that the organization 
of EET along parallel (only weakly intercon- 
nected) pathways is not favorable for the 
robustness and speed of transfer toward the 
RC, for which interconnected pathways are 
in principle better. The presence of alternative 
transfer pathways enhances the robustness 
and, because two-dimensional excitation dif- 
fusion is faster than one-dimensional diffusion 
(76), interacting EET pathways would lead to 
faster excitation trapping in the RC and thus 
increased quantum efficiency. Because of the 
presence of only weakly interconnected path- 
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ways, it seems more likely that evolution has 
favored the current design for regulatory rea- 
sons, which will still have to be unveiled. In 
principle, it might also be possible that in the 
stacked thylakoid membranes of, for example, 
plant chloroplasts, EET between different mem- 
brane layers would occur, thereby invalidating 
the above reasoning, but a comparison be- 
tween time-resolved fluorescence measure- 
ments on stacked and unstacked grana has 
shown that almost no intermembrane transfer 
takes place (80). 


PSI versus PSII 


When we compare the plant supercomplexes 
of PSI and PSII, it appears that the different 
trapping kinetics in the two photosystems can 
to a large extent be traced back to differences 
in their core complexes. As stated above, for 
the PSI core, the trapping time is ~20 ps, 
whereas for the PSII core, average trapping 
times up to 100 ps and above have been 
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Fig. 6. Major EET pathways in different supercomplexes. The colors of the arrows represent approximate 
effective transfer times from one complex to another, as indicated in the inset. The semicircular red 

arrow indicates the main pathway for EET from N-LHCII through M-LHCII and S-LHCII to the core in the upper 
half of the supercomplex and replaces three orange arrows between the individual trimers and from 
S-LHCII to the core. The most interesting features of these structures is that there are many “parallel” EET 
pathways from the outer antenna to the core that are relatively weakly connected to each other, and that 
in most cases, the minor complexes do not play a major role in connecting LHCII to the core. 


reported, but the number of pigments is almost 
a factor of three lower. The reason for this dif- 
ference seems to be the number of pigments 
connecting the antenna and the RC, which is 
lower for PSII. They are also at larger distances 
with respect to each other, presumably to avoid 
oxidation of the antenna pigments by the pri- 
mary donor with its high oxidation potential 
(81). An immediate consequence of the high 
efficiency of the PSI core is that it can accommo- 
date substantially more LHCs around it. In the 
PSI-LHCI supercomplex of C. reinhardtii, with 
its ~240 Chls, the reported trapping time is 
50 ps and the quantum efficiency is still higher 
than that of the PSII core, with its 35 pigments. 
The recently observed structures also suggest 
that there is a far larger variability in size, 
composition, and organization in PSI than in 
PSII. In PSI, the antennas can be associated 
to the core in many different positions and 
in several layers completely surrounding it. 


Photosystems in the membrane 


All of the structures discussed above were ob- 
tained for detergent-isolated complexes. Are 
these complexes representative of the in vivo 
situation, where they may be larger or in a 
different functional state? It is known that the 
number of LHCII trimers in the membrane 
changes with the growth conditions of the 
plant or alga, increasing in low light and 
decreasing in high light, and can be far larger 
than in the purified supercomplexes (82-84). 
Although in plants, the C,S,.M. complex is 
the prominent form in low light and CS, is 
relatively more abundant in high light, the 
largest adjustments concern a pool of LHCII 
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(called L), which are loosely bound to the 
supercomplexes and are lost during purifi- 
cation (84). At present, only a low-resolution 
projection map of spinach PSII complexes 
containing one L-trimer is available (85). Func- 
tionally, the L-trimers are well connected to 
the PSII core, providing excitation energy ef- 
ficiently, albeit more slowly, than the S- and 
M-trimers (84). A similar picture is now emerg- 
ing for PSI, suggesting that in plants, more than 
one LHCII trimer can be associated with each 
PSI (59, 86-88). 

Experimental data clearly show that the 
antenna of PSI and PSII can be enlarged with 
extra L-LHCIIs. But by how much? Is there a 
maximal antenna size for the photosystems? 
When the size of the antenna becomes larger, 
more photons are absorbed and the light- 
harvesting capacity goes up, but the trapping 
time also increases, thereby lowering the quan- 
tum yield. These counteracting effects lead to 
an optimal (maximal) antenna size in low light 
of 200 to 250 Chl a molecules per PSII RC in 
A. thaliana (84). This number is far higher for 
PSI, as already discussed above, which seems 
to be largely due to the extremely short trapping 
time in the PSI core. It can thus be expected 
that PSI complexes with far larger antenna size 
can be found in organisms living in shaded 
environments. Is there also a minimal antenna 
size? In A. thaliana, even in very high light, 
there are still almost two LHCH trimers present 
per PSI (84), although this is not needed to 
have sufficient light-harvesting capacity. How- 
ever, mutants without outer antennas are more 
sensitive to photodamage (89), suggesting that 
a minimal antenna is needed for photoprotec- 
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functional antenna size can also be regulated 
by changing the excited-state lifetime (33). This 
is particularly important for sudden changes in 
light intensity for which protein synthesis and 
degradation is not an option. As a short-term 
response, the antenna switches between a light- 
harvesting state, characterized by a long excited- 
state lifetime, and a quenched state, in which 
the excited-state lifetime is strongly reduced 
and the functional antenna size is decreased 
(90). In plants, this mechanism, called non- 
photochemical quenching, requires the pres- 
ence of the protein PsbS (97), the location and 
action mechanism of which are still enigmatic. 
It has been proposed that PsbS binds in the 
cleft between CP24 and the core in the C.S.M» 
supercomplex (28), but this proposal still needs 
validation. In green algae, the main protein re- 
sponsible for nonphotochemical quenching is 
instead LHCSR3 (92), which in C. reinhardtii 
was suggested to be located at the periphery 
of the C,S, complex in direct contact with the 
outer antenna (93). 


Outlook 


The high-resolution structures of the super- 
complexes revealed recently represent an excel- 
lent starting point for studying energy flow 
in detail through advanced modeling. This 
will contribute to the basic understanding of 
light harvesting in oxygenic photosynthesis, 
but will also furnish the basis for a rational 
redesign of the photosynthetic apparatus that 
should lead to an increase in crop productivity 
[e.g., regulated reduction of the antenna size 
and extension of the photosynthetic-active- 
radiation regime (3)]. However, it is important 
to realize that the correct assignment of the 
Chl identities species is crucial to identifying 
EET pathways from the structures. Moreover, 
whereas complexes such as plant PSI have been 
studied in detail using spectroscopy, little is 
known about the functional behavior of most 
of the algal supercomplexes. Therefore, spectro- 
scopic measurements on these complexes are 
now required to relate structure to functionality. 

It is expected that cryo-EM will continue 
to provide new structures, e.g., of the much 
wanted PSII-PsbS complex, and will also permit 
exploration of the flexibility of photosynthesis 
by studying complexes of different organisms, 
especially the ones living in extreme environ- 
ments. The structures of PSI from cyanobac- 
teria adapted to far-red light (94, 95) or to iron 
deficiency (96) are good examples of this. 

The most important next step, however, is 
a molecular understanding of light harvesting 
and regulation in physiologically relevant con- 
ditions. This requires studying the complexes 
in their natural environment: the thylakoids. 
How are the complexes assembled in the 
membrane? How are they organized? How do 
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the functional changes observed in different 
conditions relate to changes in their organiza- 
tion? Recent developments in cryo-electron 
tomography hold the promise to provide de- 
tailed maps of the complexes in the membrane 
(97, 98). These results, combined with func- 
tional in vivo data and advanced calculations 
and modeling, should enable us to understand 
the various processes in physiological condi- 
tions. Highly sophisticated x-ray free electron 
laser experiments on PSI and PSII crystals will 
permit observation of the photosystems in 
action, providing new insights for, e.g., elec- 
tron transfer and water splitting (99-101) 
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INTRODUCTION: Vision provides a critical sur- 
vival advantage but requires a tight coupling 
between neuronal energy demands and their 
vascular supply. The degeneration and conse- 
quent aberrant regrowth of retinal vasculature 
is the hallmark of diseases such as diabetic 
retinopathy, retinopathy of prematurity, and 
age-related macular degeneration, which col- 
lectively are the most common causes of loss 
of sight in industrialized countries. Although 
considerable effort has been devoted to under- 
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standing how diseased blood vessels form, rel- 
atively little is known of the processes at play 
during late stages of pathological angiogenesis 
when blood vessels remodel and subsets of dis- 
eased vasculature regress. 


RATIONALE: The retina is part of the central 
nervous system and thus has limited regener- 
ative capacity. A relative exception to this rule 
are retinal blood vessels, which have a greater 
propensity to remodel depending on metabo- 
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Senescent blood vessels trigger neutrophil extracellular traps in retinopathy. (A) Human samples and 
a mouse model were used to elucidate mechanisms of vascular remodeling in retinopathy. (B) Upon rapid 
proliferation, vascular cells in pathological tufts triggered pathways of cellular senescence, leading to cytokine 
secretion and the recruitment of neutrophils. (C) Factors secreted by senescent cells triggered NETosis. 
(D) NETs promoted the removal of senescent endothelial cells, ultimately leading to regression of 
pathological angiogenesis and promoting the regeneration of functional vessels. 
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lic demand. We investigated the cellular mech- 
anisms activated during the remodeling and 
regression of pathological blood vessels in reti- 
nopathy. We focused on a mouse model of 
oxygen-induced retinopathy, which has dis- 
tinct and timed phases of vascular degenera- 
tion, neovascularization, and vascular regression. 
Our findings were verified in human patients 
with proliferative diabetic retinopathy. Under- 
standing how diseased blood vessels remodel 
and yield functional networks has the poten- 
tial to lead to strategies that enhance vascular 
normalization and helps to explain why reti- 
nas in certain patients have the propensity to 
repair themselves more readily than others. 


RESULTS: We found that vascular remodeling 
in retinopathy is associated with bouts of ste- 
rile inflammation and tardy recruitment of 
neutrophils, an immune population typically 
associated with a first wave of invading leuko- 
cytes. We observed that, after rapid prolifera- 
tion, vascular endothelial cells in diseased blood 
vessels engaged molecular pathways shared 
with aging and cellular damage that lead to 
cellular senescence. Senescent vascular units 
then released a secretome of cytokines and 
factors that attracted neutrophils and triggered 
the production of neutrophil extracellular traps 
(NETs). Through extrusion of NETs, neutro- 
phils eliminated diseased senescent vascula- 
ture by promoting its apoptosis. By crippling 
the ability of neutrophils to produce NETs 
by genetically removing the peptidyl] arginine 
deiminase type IV (PAD4) enzyme, clearance 
of senescent cells was impaired and regres- 
sion of pathological angiogenesis compro- 
mised. Similar effects were observed with the 
neutrophil-depleting antibody anti-Ly6G or by 
pharmacological inhibition of the neutrophil 
receptor CXCR2. 


CONCLUSION: We conclude that neutrophils, 
through the release of NETs, targeted patho- 
logical senescent vasculature for clearance and 
thus prepare the ischemic retina for reparative 
vascular regeneration. These findings imply 
that elimination of senescent blood vessels 
leads to beneficial vascular remodeling. Al- 
though cellular senescence is not necessarily 
synonymous with aging, our study may pro- 
vide insight into a general mechanism in which 
senescent endothelial cells trigger NETosis and 
predispose to thrombotic events such as myo- 
cardial infarction, atherosclerosis, and stroke, 
which are typically seen in older populations. 
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In developed countries, the leading causes of blindness such as diabetic retinopathy are characterized 
by disorganized vasculature that can become fibrotic. Although many such pathological vessels often 
naturally regress and spare sight-threatening complications, the underlying mechanisms remain 
unknown. Here, we used orthogonal approaches in human patients with proliferative diabetic retinopathy 
and a mouse model of ischemic retinopathies to identify an unconventional role for neutrophils in 
vascular remodeling during late-stage sterile inflammation. Senescent vasculature released a secretome 
that attracted neutrophils and triggered the production of neutrophil extracellular traps (NETs). NETs 
ultimately cleared diseased endothelial cells and remodeled unhealthy vessels. Genetic or 
pharmacological inhibition of NETosis prevented the regression of senescent vessels and prolonged 
disease. Thus, clearance of senescent retinal blood vessels leads to reparative vascular remodeling. 


he propensity of a tissue to rapidly repair 

and remodel after injury or in pathology 

dictates fitness and functional recovery. 

An example occurs in ischemic retino- 

pathies such as retinopathy of prematurity 
(ROP) and diabetic retinopathy (DR). Collect- 
ively, these diseases are the primary causes of 
blindness in pediatric and working-age pop- 
ulations in developed countries, and for DR, 
affect >100 million people worldwide (J-6). 
Both diseases are characterized by an initial 
loss of retinal vascular supply and compro- 
mised nutrient and oxygen delivery (7-9). The 
ensuing tissue hypoxia-ischemia triggers the 
release of angiogenic and inflammatory factors 
that potentiate vascular growth (J0). However, 
these neovessels fail to regenerate into the 
ischemic retina and are instead misdirected 
toward the vitreous part of the eye; they are 
leaky, senescent, and in severe instances, be- 
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come fibrotic and lead to blinding retinal 
detachment (3, 5, 11). 

In ROP, the pathological vessels driving dis- 
ease often regress and sight is spared (5, 6, 12). 
This is in part illustrated by the fact that 
patients with ROP often spontaneously re- 
cover and of the estimated 14,000 to 16,000 
infants that are initially affected by ROP each 
year in the United States, ~90% do not necessi- 
tate treatment. Of the ~1500 infants that do 
require treatment, ~1/3 will become legally 
blind (72). In DR, spontaneous regression of 
neovascularization (NV) has been reported 
(13, 14), albeit less frequently given that upon 
diagnosis, standard of care calls for immediate 
pan-retinal photocoagulation (75), anti-vascular 
endothelial growth factor (anti-VEGF) therapy 
(16), or other treatments such that physiological 
regression is not readily monitored. The mech- 
anisms mediating spontaneous regression and 
normalization of pathological retinal vessels in 
these conditions are poorly understood. 

Physiological regression and remodeling of 
vascular networks occur during the transition 
from fetal to neonatal life in various tissues 
such as the hyaloid vasculature in the eye (17-19) 
and ductus arteriosus (20), as well as in the 
female reproductive system during endome- 
trial maturation (27). Failure of proper vascular 
regression leads to diseases such as persistent 
fetal vasculature and familial exudative vitreor- 
etinopathy (22), patent ductus arteriosus (23), 
and suboptimal reproductive performance (24). 
In pathology, less is known about the endoge- 
nous mechanisms that drive vascular remodel- 
ing. Anti-VEGF therapies in tumors either 
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induce apoptosis of endothelial cells (ECs) 
[reviewed in (25)] or normalize blood vessels 
by pruning tortuous, leaky vessels not covered 
by pericytes (26), allowing enhanced delivery 
of cytotoxic factors in combination therapies 
(27). Vascular remodeling is therefore an evo- 
lutionarily adaptive mechanism critical to de- 
velopment and regeneration after tissue injury. 
Here, we sought to understand how diseased 
retinal blood vessels remodel in retinopathies 
and consequently influence prognosis. 


Results 
Vascular remodeling in retinopathy is associated 
with sterile inflammation 


To investigate the mechanisms involved in 
pruning of pathological vasculature in retinop- 
athies, we first used a mouse model of oxygen- 
induced retinopathy (OIR) (28) that yields 
ischemic avascular zones followed by prereti- 
nal NV similar to that observed in proliferative 
DR (PDR) and ROP (28). Mouse pups were ex- 
posed to 75% oxygen from postnatal day 7 (P7) 
to P12 to induce vaso-obliteration and returned 
to ambient air, where maximal preretinal NV 
occurs at P17, followed by a phase of vascular 
regression (Fig. 1A). To gain insight into the 
physiological processes occurring during NV 
(P12 to P17 of OIR), vascular remodeling and 
regression (from P17 of OIR), we first per- 
formed transcriptome analyses using bulk-RNA 
sequencing. Enrichment analysis using gene 
sets from the Gene Ontology (GO) Consortium 
at P14 of OIR revealed the highest expression 
of transcripts linked to endoplasmic reticulum 
homeostasis (Fig. 1B, left), which is consistent 
with previous findings (1, 29). At the tipping 
point from maximal pathological angiogenesis 
to normalization of vasculature at P17 of OIR, 
we observed transcript enrichment primarily in 
processes related to inflammation and, more 
precisely, activation of the innate immune 
system (P17 of OIR) (Fig. 1B, right). 

To tease out the primary contributors of the 
sterile inflammatory response associated with 
vascular remodeling in the late stages of re- 
tinopathy, we heightened resolution by perform- 
ing droplet-based single-cell RNA sequencing 
(Drop-seq) (30) of retinas during OIR. Princi- 
pal components analysis and a t-distributed 
stochastic neighbor embedding (t-SNE) plot 
of different clustered retinal cell types with 
similar transcriptional profiles revealed the 
typical cell populations present in the retina, 
including neurons, glial cells, and vascular cells 
(Fig. 1C, left inset, and fig. SIA). Among the 
populations defined as immune cells, we iden- 
tified five independent subclusters (Fig. 1C, 
middle inset). One subpopulation (cluster 3) 
was found to be especially enriched at P17 of 
OIR (Fig. 1C, right inset) and corresponded to 
disease-associated leukocytes defined using the 
SingleR tool (37) (fig. SIB). Gene-set variation 
analysis (GSVA) revealed that this group of 
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Fig. 1. Vascular remodeling in retinopathy is associated with sterile inflamma- among cell clusters for neutrophil-related genes in each of the five populations 
tion and the presence of neutrophils. (A) Schematic of the mouse OIR model. identified in (C) as well as the neutrophil-enriched population gated from cluster 3 
Exposure to hyperoxic conditions (75% Oz) in mice from P7 to P12 induces an initial as performed in (D). (F) Accretion in OIR of lymphocytes, microglia, mononuclear 
phase of vascular dropout (pink). Upon return to room air at P12, ischemia triggers phagocytes, or neutrophils assessed at P17 by FACS (see gating strategy in fig. S4) 
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(n = 3, 6 to 9 mice/group). (G) The presence of neutrophils was evaluated by sorting 
Ly6G*/CD11b*/F4/80" cells from OIR retinas and staining with Giemsa (n = 5 mice). 
(H) Live-cell tracking by confocal microscopy identifies neutrophils (See arrows) 
migrating toward a preretinal tuft in P17 OIR retinas representative of three separate 
experiments. (I) Retinal cross sections from human patients with PDR showing 
invasion of MPO* neutrophils [(I), right inset], which are absent from control patients 
[(1), left inset]. Scale bars: (A), 500 pm; (G), 20 um; (H), 50 um; (1), 100 wm. ONL, 
outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer. For (F), *P < 0.05, 
*** P < 0.001, Student's t test. Data are shown as means + SEM. 
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Fig. 2. NETs are found on vascular tufts. (A) Production of NETs is mediated by the enzymatic activity of 
PAD4, which citrullinates histones to allow relaxation and extracellular release of nuclear DNA. (B and 
C) Representative confocal micrographs of retinal flat mounts at P17 with immunofluorescence for citrullinated 
histone H3. NETs are absent from normoxic retinas (B) and present in retinas after OIR (C) (results are 


representative of three separate experiments). (D) Three-dimensional rendering of 


ETs in retinas at P17 of 


OIR. Immunofluorescence for citrullinated histone H3 in human retinal cross sections reveals selective 


staining in retinal vessels (isolectinB4-stained) of a pa 


tient with PDR compared with a patient with no 


known vascular pathology (E and F). dsDNA was ~3.7-fold higher (G) and neutrophil elastase (NE) activity 
was ~2.1-fold higher (H) in the vitreous of patients with PDR compared with controls with nonvascular 
pathology (n = 13 controls and 11 PDR patients; see Table 1 for patient details). *P < 0.05, ***P < 0.001, 


Student's t test. Scale bars: (B) to (D), 50 um; (E) an 


activated leukocytes contained a fraction of 
cells with enhanced expression of the biological 
pathways traditionally found in neutrophils 
(Fig. 1, D and E, and fig. SIC) and expressed 
inflammatory neutrophil-associated genes such 
as Sod2, S100a8, Tir4, and Plaur (Fig. 1E). 

To verify these findings, we designed spe- 
cific gene sets to investigate the main effectors 
of the innate CNS immune response, microg- 
lia, macrophages, and neutrophils, with bulk 
RNA sequencing, and used curated GO gene 
sets specific for leukocyte functions such as 
migration or activation (figs. S2 and S3, re- 
spectively). Gene-set enrichment analysis (GSEA) 
revealed a strong positive correlation at P17 of 
OIR in gene clusters associated with microglia 
{normalized enrichment score (NES) = 2.018; 
false discovery rate (FDRq) = 0.000], mono- 


nuclear phagocytes (NES = 2.067; FDRq = 


Binet et al., Science 369, eaay5356 (2020) 


d (F), 100 um. Data are shown as means + SEM. 


0.000), as well as neutrophils (NES = 2.257; 
FDRq = 0.000) (fig. S2), consistent with the 
potential presence of neutrophils at a time 
when regression of pathological vasculature 
occurs. 


Neutrophils invade sites of pathological 
vasculature in humans and mice 


Although microglia, monocytes, and mono- 
nuclear phagocytes have been well studied in 
retinal sterile inflammation during retinopa- 
thy (32-34), the contribution of neutrophils 
is ill-defined. Unlike macrophages and microg- 
lia, neutrophils are typically associated with the 
initial phases of inflammation. However, we 
observed neutrophil-related transcripts in the 
late stages of disease when pathological vas- 
culature resolves. Neutrophils have relatively 
low transcriptional activity, so we sought to 
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determine their presence in the retina using 
complementary approaches. First, fluorescence- 
activated cell sorting (FACS) analysis showed 
that neutrophils (CD45*/CD11b*/Ly6C'™/ 
Ly6Ghehy were robustly increased in the re- 
tina at P17 of OIR (~6-fold; Fig. 1F and fig. S5A; 
also see fig. S4 for the gating strategy). Other 
myeloid populations were also increased in 
OIR, such as mononuclear phagocytes (~2.2-fold) 
and microglia (~1.7-fold), but not lymphocytes 
(Fig. 1F). Moreover, a time-course assessment 
by FACS over the duration of OIR revealed that 
neutrophils specifically arrived at P17 when 
vascular regression was initiated (fig. S5B). 

This population of cells was sorted and 
stained with Giemsa, and displayed poly- 
morphonuclear structures characteristics of 
neutrophils (Fig. 1G). We then performed a 
myeloperoxidase (MPO) assay to detect the 
enzymatic activity of neutrophils. MPO is a 
heme-based peroxidase enzyme found at high 
levels in the primary granules of neutrophils 
(35). Consistent with our data, a robust increase 
in MPO enzymatic activity was observed at P17 
of OIR compared with normoxic controls (fig. 
S5C). In addition, immunostaining for MPO 
revealed a preferential localization of neutro- 
phils to neovascular tufts but was almost ab- 
sent outside of tufts or in healthy normoxic 
retinas (fig. S5D). We also used ex vivo live 
confocal-imaging microscopy to track intra- 
retinal neutrophils after intravenous infusion 
of a Ly6G* antibody. Neutrophils were found 
to be migrating toward neovascular tufts in 
retinas from pups at P17 of OIR (Fig. 1H and 
movie S1). Finally, immunostaining of cross 
sections of eyes from human patients with 
PDR using an antibody raised against MPO 
detected neutrophils in the proximity of neo- 
vascular tufts, confirming their presence in 
human pathology (Fig. 11). 


NETs are released on pathological retinal 
vasculature in humans and mice 


Given the potential role of neutrophils in 
sterile inflammation (36), as well as their 
presence at the onset of vascular remodeling 
(Fig. 1), we investigated how these cells in- 
fluence vascular remodeling. One of the poten- 
tial features of neutrophils is their ability to 
exude extracellular traps. Neutrophil extra- 
cellular traps (NETs) are primarily described 
as being deployed to sequester against invad- 
ing bacteria and fungi through a mesh of DNA 
decorated with granular proteins (MPO, elas- 
tase, and cathelicidin) (37). The extrusion of 
NETs is dependent on the citrullination of 
histones by the peptidyl arginine deiminase 
type IV (PAD4) enzyme and decondensation 
of the chromatin (38) (Fig. 2A). In addition to 
their bactericidal properties, NETs have also 
been documented in sterile inflammation in 
cases of atherosclerosis (39) or ischemia- 
reperfusion injury (40). We therefore sought 
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Table 1. Clinical characteristics of patients who underwent vitreous biopsy. 


Pathology Sex 


Control patients 


Age* 


Diabetes 


Type Duration (y) 


MH, macular hole; ERM, epiretinal membrane; NA, not available 
age for diabetic patients, 61.6 + 4.8 years. 


to determine whether NETs were found in 
retinas during the phases of vascular remodel- 
ing when neutrophil levels are elevated. We 
performed immunofluorescence against cit- 
rullinated histone H3 on retinas from mice 
at P17 of OIR and detected NETs adjacent to 
pathological neovascular tufts (Fig. 2, B to D), 
but they were absent from normoxic controls. 
These structures colocalized with MPO, a neu- 
trophil marker and a constituent of NETs (fig. 
S6, A and B). 

Next, we sought to determine whether our 
findings in mice held in humans with patho- 
logical retinal vasculature. We investigated the 
presence of NETs in patients with PDR. Im- 
munofluorescence on retinal cross sections 
from control patients with no identified vas- 
cular pathology did not show any evidence of 
citrullinated histone H3 (Fig. 2E). Conversely, 
citrullinated histone H3 was detected in pre- 
retinal ECs (isolectin B4-stained) of individuals 
with PDR (Fig. 2F). Patients with PDR showed 
protrusion of vessels at the vitreoretinal inter- 
face characteristic of preretinal NV as deter- 
mined by spectral domain optical coherence 
tomography (fig. S6C, white arrow). To further 
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*Mean age for control patients, 70.5 + 2.9 years; mean 


verify the presence of NETs in diabetic patient 
retinas, we analyzed the vitreous humor from 
patients with PDR for the presence of double- 
stranded DNA (dsDNA) that could be released 
secondary to NET production. Concentrations 
of dsDNA in the vitreous humor of patients 
with PDR were significantly higher compared 
with controls with nonvascular pathology such 
as idiopathic epiretinal membrane or macular 
hole (Fig. 2G). Moreover, we also detected sig- 
nificantly higher levels of elastase activity (as- 
sociated with NET production) (41) in the vitreous 
humor of patients with PDR (see Table 1 for 
patient characteristics and Fig. 2H). Thus, NETs 
are associated with retinal vascular disease in 
mice and humans and are found at sites of 
pathological angiogenesis. 


Neuronal and vascular units have distinct 
patterns of cellular senescence and secretory 
phenotypes in OIR 


We next sought to elucidate the stimulus for 
NETosis in pathological retinal vasculature. ECs 
in preretinal NV as well as retinal ganglion cell 
(RGCs) undergo cellular senescence in OIR (7). 
Using GSVA on single-cell transcriptomic data 
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for gene sets related to cellular senescence and 
two gene sets related to secretory processes, we 
found that neurons such as RGCs were senescent 
but did not readily display a classical transcrip- 
tional signature of the senescence-associated 
secretory phenotype (SASP) and did not trans- 
cribe genes related to cytokine secretion (Fig. 3A). 
By contrast, ECs (green box), pericytes, astrocytes, 
Miller glia, and immune cells up-regulated 
transcripts were related to cellular senescence 
and triggered a SASP (Fig. 3A). 

SASP expression plotted on t-SNE from ret- 
inal populations at P17 of OIR (Fig. 3, B and C), 
as well as hierarchical comparison of genes 
for the SASP (Fig. 3D), showed that astro- 
cytes, ECs, Miiller glia, and pericytes adopted 
a robust SASP transcriptional signature. Thus, 
whereas several cell populations of the retina 
undergo cellular senescence in retinopathy, non- 
neuronal and neuronal populations adopt differ- 
ent secretory transcriptional signatures. 


Senescent vascular endothelium triggers the 
release of NETs 


NETs (visualized with extracellular citrulli- 
nated H3) were regularly found adjacent to 
senescent isolectin-positive ECs [stained for 
promyelocytic leukemia (PML) protein, a key 
regulator of cellular senescence (42, 43)] (Fig. 44 
and fig. S7A), as well as in NG2* pericytes (fig. 
S7B), but not in Miiller cells or astrocytes [both 
positive for glial fibrillary acidic protein (GFAP); 
fig. S7C]. Thus, because several known factors of 
the SASP overlap with reported inducers of 
NETs (fig. S8), we investigated whether NETs 
could be triggered by senescent vascular ECs. 
Classical triggers of cellular senescence in- 
clude DNA damage, telomere attrition, mito- 
chondrial dysfunction, and oncogene activation 
as in oncogene-induced senescence (44). The 
latter can be induced by various oncogenes, 
including sustained activation of the GTPase 
RAS (45), which triggered senescence through 
the DNA damage response and activation of 
p53 (46-48). We observed robust activation 
of the RAS pathways within preretinal patho- 
logical angiogenic sprouts either by immunostain- 
ing for phospho-ERK1/2 (a kinase downstream 
of RAS) (Fig. 4B and fig. S9A) or GSVA of single- 
cell transcriptomics (Fig. 4C). The bimodal en- 
richment for KRAS-associated pathways in ECs 
(Fig. 4C) suggested a distinct population of cells, 
with those in neovascular tufts likely showing 
higher activation (right peak) and less prolif- 
erative ECs showing lower activation (left peak). 
Indeed, these high-RAS ECs (red square) were 
not found in normoxic control retinas (fig. 
S9B), which suggested that senescent cells 
might coincide with neovascular tufts. Normoxic 
control retinas also showed inferior levels of 
RAS activation compared with those in OIR. 
To investigate which subsets of cells interacted 
with KRAS* cells in retinopathy, we performed 
CellPhoneDB analysis, a bioinformatics tool that 
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Fig. 3. Neurons and mitotic cells display distinct gene signatures of 
cellular senescence in retinopathy. (A) Fold change of GSVA score on gene 
sets related to cellular senescence and cytokine secretion comparing transcripts 
from scRNAseq of P17 normoxic and OIR retinas. (B and C) t-SNE and 


builds cell-cell communication networks using 
ligand-receptor information from available 
single-cell transcriptomic data (49). We ob- 
served increased interactions between cluster 3 
(shown to contain neutrophils; Fig. 1, C and E) 
and KRAS* ECs (Fig. 4D). Lower numbers of 
interactions were found with nonsenescent 
ECs. These data support the idea that neutro- 
phils interact with senescent ECs in retinopathy. 

RAS activity is elevated in active preretinal 
NV (50), and the expression of yYH2AX and 
PML (key modulators of RAS-induced senes- 
cence) is observed in pathological ECs during 
retinopathy (17). To explore the mechanism by 
which senescent ECs trigger NETs, we gen- 
erated a model of cellular senescence in hu- 
man umbilical vein endothelial vascular cells 
(HUVECs) by sustained activation of the RAS 
pathway. Activation of RASV12 leads to a strong 
mitogenic signal driven by the Raf-MEK-ERK 
pathway, leading to a DNA damage checkpoint 
response, cell cycle arrest, and then senescence 
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(46, 47). RASV12 activation was verified (fig. 
$10, A to C) and induction of cellular senes- 
cence in ECs confirmed using senescence- 
associated B-galactosidase staining (SA-B-Gal) 
10 days after infection (67 + 10% for RASV12- 
infected cells versus 3 + 3% for the empty vector) 
(fig. SOD). 

To determine whether senescent ECs were 
able to provoke the release of NETs, we seeded 
senescent as well as proliferating ECs into 
multiwell chambers and then introduced freshly 
isolated human blood neutrophils colored by 
Dil Red to EC cultures the following day and 
stained with a dye labeling extracellular DNA 
(SYTOX Green). Time-lapse imaging revealed 
a modest release of extracellular DNA from 
neutrophils incubated with control ECs (empty 
vector) (Fig. 4, E and F). By contrast, neutro- 
phils discharged loads of DNA in the presence 
of senescent ECs (Fig. 4, E and F). Conditioned 
media from RAS-overexpressing senescent ECs 
was sufficient to trigger NET release, suggest- 
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(D) hierarchical clustering of cell populations from P17 retinas ranked by absolute 
GSVA score reveals that in OIR, astrocytes, ECs, Muller glia, and pericytes induce 
a SASP response compared with other cell types. Data presented were 
downsized to display a maximum of 1000 cells per retinal cell type. 


ing that a soluble factor secreted during cel- 
lular senescence was mediating NET release 
(Fig. 45). 

To identify factors produced by senescent 
cells that trigger NETosis, we performed SILAC 
(stable isotope labeling using amino acids in 
cell culture). Senescent or proliferating HUVECs 
were labeled with either light or heavy arginine 
and lysine 13C6 and 15N2 (fig. S11A). Secreted 
proteins released from empty vector-transduced 
cells were mixed in equal proportion to those 
from RASV12-infected HUVECs. The relative 
abundance of identified peptides was calcu- 
lated after mass spectroscopy (MS)/MS anal- 
ysis and MaxQuant postanalysis. We clustered 
the proteomic data using the Reactome data- 
base (57) and found that the secretome of 
senescent ECs was primarily enriched in pro- 
teins related to immune pathways (Fig. 4G), 
including proteins involved in cytokine signal- 
ing (Fig. 4H). These SILAC data were cor- 
roborated by the secretome of IMR90 senescent 
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Fig. 4. Senescent ECs trigger NETosis. (A) Representative confocal micrograph 
and three-dimensional reconstruction of PML and citrullinated histone H3 at P17 of 
OIR. PML is mainly expressed on retinal tufts and often colocalizes with NETs 
(citrullinated histone H3 staining) (n = 3 separate experiments). (B) Increased 
phosphorylation of ERK1/2 is observed by immunofluorescence in P17 OIR retinas 
compared with normoxic controls. Results shown are representative of three 
experiments. (C) Ridge plots of GSVA score for KRAS-associated transcriptional 
etinas at P17 OIR reveal enrichment primarily in 
astrocytes, ECs, and pericytes. Inset, ECs display bimodal distribution for KRAS- 
CellPhoneDB analysis predicts increased 
interaction between immune cells of cluster 3 and KRAS* ECs gated on GSVA score 
see inset in (C)]. Data are expressed as the total number of ligand-receptor 
interactions between immune cell cluster 3 and KRAS gated retinal cell type (see 
heatmap in left inset). These interactions are displayed for ECs and immune cell 
cluster 3 in an array of ligand-receptor couples (see dot plot in right inset), with dot 


signatures of single-cell RNAseq of 


associated gene set expression. (D 


color and size representing the strength and significance 


fibroblasts (52), which shared the same top 
three enrichment clusters of immune regu- 
lation, hemostasis, and extracellular matrix 
reorganization (fig. SIIB). On the basis of en- 
richment in cytokine signaling, we confirmed 
by real-time quantitative polymerase chain re- 
action (PCR) increased transcription of cyto- 
kines such as interleukin 18 (IL-1B) or CXCL1 in 
RASV12-infected HUVECs (fig. S12A). To deter- 
mine whether these cytokines contribute to 
NETosis, we generated HUVECs depleted for 
IL-1B, CXCLI, or both cytokines through lenti- 
viral transduction of short hairpin RNAs (shRNAs) 
(fig. S12, B and C). Down-regulation of either 
IL-1B or CXCL1 in senescent cells led to a sig- 
nificant reduction in NETosis (Fig. 41). Com- 
bined knock-down of IL-18 and CXCLI did not 
further reduced NETosis, suggesting potential 
redundancy (Fig. 41). Therefore, senescent ECs 
release cytokines as part of their SASP (53), 
which prompts neutrophils to release NETs. 


NETs remodel retinal vasculature through 
apoptotic elimination of senescent ECs 


Typically, cellular senescence and apoptosis 
are mutually exclusive cell fates. However, NETs 
can be cytotoxic for ECs (54, 55). In OIR retinas 
undergoing pruning of pathological vascula- 
ture, we noted higher numbers of apoptotic 
ECs (IB4" cells; Fig. 5A). Apoptotic ECs were 
confined to areas of pathological NV (tufts) and 
absent from areas outside tufts or normoxic 
control retinas (Fig. 5A and fig. $13). Given 
that senescent pathological neovasculature 
regresses after P17 in mouse OIR, we inves- 
tigated whether NETs projected onto patholog- 
ical neovasculature could influence clearance of 
senescent ECs (IB4"* cells) in OIR. We injected 
DNase I into the vitreous humor of mice at P17 
of OIR to promote degradation of NETs (as 
confirmed by immunohistological staining; 
fig. S14) and then analyzed the area of retinal 
SA-B-Gal activity at P19. Injections of DNAse I 
stalled the clearance of senescent cells, as seen 
by an enhanced proportion of SA-B-Gal* area 
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between cell types. (E) Quantification of NETs in (F) shows a >2-fold induction of 
NETosis with RAS”"*-transduced cells or empty vector-i 


of the predicted interaction 
nfected cells with 


in the retina at P19 of OIR (Fig. 5B). Cor- 
respondingly, DNAse I treatment resulted in 
persistence of the senescence-associated genes 
Pail (Serpinel) and IL-I in the retina (Fig. 5C). 
To investigate the role of PAD4, an essential 
enzyme for NETosis (56), we generated a Pad4- 
deficient mouse within the myeloid compart- 
ment by crossing mice expressing the Cre 
enzyme under the LysM promoter with mice 
harboring loxP sites flanking the Pad4 gene 
(fig. SI5A). LysM was expressed by >95% of 
neutrophils, as confirmed by FACS analysis 
(fig. SI5B). Efficient diminution of PAD4: levels 
in LysM-cre*/*Pad4/~ mice was confirmed 
by immunoblot on mouse blood neutrophils 
(fig. SI5C). Impeding NETosis through genetic 
ablation of myeloid-resident Pad4 resulted in a 
persistence of senescent ECs at P19 of OIR, as 
determined by senescence-associated markers 
such as PML in retinal tufts (Fig. 5D). Expo- 
sing RASV12-infected senescent ECs to NETs 
isolated from activated neutrophils resulted in 
a dose-dependent cleavage of caspase-3, sug- 
gesting that NETs could trigger apoptosis of 
senescent ECs (Fig. 5E). EC apoptosis upon 
exposure to NETs was confirmed by annexin 
V staining (Fig. 5F). 


NETs participate in clearing pathological 
retinal vasculature 


Finally, we investigated the consequences of 
abrogating NETosis on NV in ischemic reti- 
nopathies. First, we injected DNase I into the 
vitreous humor of mice subjected to OIR with 
the aim of degrading NETs (57) either during 
(P15) or after (P17) vascular tuft formation. We 
also used a complementary approach involving 
a neutrophil-depleting antibody (anti-Ly6G) 
(58), which abrogated neutrophils in both blood 
and retinas of mice without affecting other 
leukocyte populations (see assessment by FACS 
shown in fig. $16, A and B). The status of the 
retinal vasculature was assessed 2 days after 
injection for the extent of pathological pre- 
retinal angiogenesis (neovascular area) and the 
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supernatant from RAS’“-infected cells (empty vector w Sup. of RAS”) 
compared with empty vector-infected cells (n = 3 experiments). 

(F) Representative time course of human neutrophils stained with Dil Red 
and coincubated with RAS’"*-expressing HUVECs. NETosis was visualized with 
SYTOX Green (n = 3 experiments). (G) SILAC-based MS-MS analysis of 
proteins up-regulated at least 1.5-fold and analyzed through the Reactome 
database shows primary enrichment in peptides related to immune system 
regulation in RASY?2-infected senescent ECs compared with mock-infected 
controls. Numbers in adjacent bars represent the quantity of connections 
found. Top three nodes (bold) have an FDR < 0.05 (from two independen 
of labeled proteins). (H) Overrepresentation analysis showing pseudocolored 
nodes according to their P values. Cytokine signaling pathways are enriched in 
proteins from senescent RAS’"-infected ECs (black arrow). Darker colors 
represent nodes with lower P values (higher activation). (1) Targeted depletion 
of CXCL1, IL-1B, or both by Lv.shRNAs in RAS“!2-transduced senescent ECs 
significantly decreases NETosis (n = 3 separate experiments). Scale bars: (A) 
and (B), 50 um; (F), 20 wm. For (E) and (1), one-way ANOVA with Bonferroni's 
test was used (*P < 0.05, **P < 0.01). Data are shown as means + SEM. 


sets 


extent of vascular regeneration (avascular area). 
These two parameters can be interdependent, 
with regression of neovascularization influencing 
the rate of revascularization (59). Treatment 
with either DNase I or anti-Ly6G during the 
phase of vascular proliferation at P12 or P15 
did not influence NV (fig. S17, A and C), nor 
did it stimulate revascularization of avascular 
zones of the retina (fig. S17, B and D), com- 
pared with vehicle or isotype controls. By con- 
trast, when DNase I or anti-Ly6G were injected 
at P17 of OIR during peak NV, pathological NV 
persisted (Fig. 6A) and vascular regeneration 
was impeded as assessed at P19 (Fig. 6B). Thus, 
various approaches to prevent NETosis in OIR 
by either depleting neutrophils or enzymatic 
removal of NETs with DNase I stalled regres- 
sion of pathological vessels and consequently 
prevented the regeneration of functional blood 
vessels into the ischemic retina. 

To corroborate these findings, we used cre- 
LysM*’*Pad4~ mice. As described above, we 
evaluated the propensity of these mice to clear 
pathological NV and influence vascular regene- 
ration in OIR. The absence of myeloid-resident 
PAD4 did not influence the onset or develop- 
ment of preretinal NV (Fig. 6C), nor did it af- 
fect vascular regeneration as assessed at P17 of 
OIR (Fig. 6D). However, as with the interven- 
tional approaches described above (Fig. 6, A 
and B), deficiency in myeloid-resident PAD4 
compromised the regression of pathological 
preretinal blood vessels (Fig. 6E) while con- 
sequently preventing regrowth of functional 
vessels (Fig. 6F) as determined at P19 OIR. 
Similarly, inhibition of either IL-1f signaling 
with IL-1 receptor antagonist (Kineret) or 
CXCLI signaling with the CXCR2 inhibitor 
SB265610 at the time of maximal NV (P17) re- 
duced remodeling of pathological vasculature 
as determined at P19, further supporting 
the importance of inflammatory cytokines in 
mediating the clearance of pathological neo- 
vasculature (fig. $18, A to D). Inhibition of 
IL-1 before NV (P15) prevented pathological 
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Fig. 5. NETs clear senescent ECs 
by inducing apoptosis. (A) (Left 
inset) Cleaved caspase-3* apoptotic 
cells (white arrows) are found in 
P19 OIR flat mounts and colocalize 
with isolectin-B4* ECs almost 
exclusively in neovascular tuft 
areas (right inset) (n = 3 separate 
experiments). (B) Intravitreal 
injection of DNAse | at P17 of 

OIR results in persistence of 
SA-B-Gal* senescent cells and 

(C) mRNA transcripts for certain B 
SASP factors at P19 (both n = 3 
separate experiments). (D) PML* 
senescent cells persist in LysM- 
cre’”*Pad4”~ retinas at P19 of OIR 
as opposed to LysM-cre*”*Pad4*/* 
controls (results shown are repre- 
sentative of three separate 
experiments). (E) (Top) Immuno- 
blots showing a dose-dependent 
induction of active cleaved 
caspase-3 protein in RAS”!2- 
infected senescent HUVECs upon 
incubation with escalating doses of 
NETs with a sharp rise with 10* ng. 
(Bottom) Densitometric analysis of 
caspase-3 protein expression 
eveals an ~4-fold induction of 
cleaved caspase-3 expression with 
0* ng of NETs (n = 3 independent 
experiments). (F) Incubation of 
RAS"2-infected senescent HUVECs 
with 10* ng of NETs provokes 
1.7-fold more apoptosis as assessed 
by annexin V surface staining (n = 
4 different experiments). For (B) 
and (C), Student's t test was used 
(*P < 0.05); for (E) and (F), 
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angiogenesis (fig. S18, E and F), as expected 
(60, 61). Therefore, neutrophils, through the 
release of NETs, target pathological senescent 
ECs for clearance and prepare the ischemic re- 
tina for reparative vascular regeneration. 


Discussion 


Complex tissues of the central nervous system, 
consisting predominantly of postmitotic cells 
such as the retina and the brain, require an 
inherent ability to rapidly adjust to environ- 
mental stressors or to rapidly remodel after 
injury. Here, we tested two concepts pertain- 
ing to vascular remodeling in ischemic reti- 
nopathies. First, we investigated the idea that 
neutrophils, which are classically associated 
with a first wave of invading leukocytes, are 
also involved in late stages of the sterile in- 
flammatory response during retinal vascular 
remodeling. Second, we investigated whether 
neutrophils responding to the secretome of 
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senescent ECs and likely other cells of the vas- 
cular unit and through extrusion of NETs eli- 
minate diseased vasculature by triggering its 
apoptosis. Clearance of pathological blood ves- 
sels is a key step for tissue repair and resolu- 
tion of inflammation in ischemic retinopathies 
and enables tissue remodeling. Conceptually, 
the selective removal of ECs that have engaged 
pathways shared with aging and cellular dam- 
age suggests an origin for programs of cellular 
senescence in ensuring tissue fitness. Diseased 
cells discharge a SASP, favoring their clearance 
and later restoration of functional vascular 
networks. Postmitotic neurons such as RGCs, 
which undergo postmitotic cellular senescence 
during OIR (62), do not readily engage a classi- 
cal SASP transcriptional gene signature, sug- 
gesting that they would evade targeting by 
immune cells. 

Cellular senescence is a dynamic response 
to various stressors including oxidative dam- 
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age, telomere attrition, ischemia, metabolic 
imbalances, activated oncogenes, and chemo- 
therapy (62, 63). Pathways that lead to cellular 
senescence are potent tumor-suppressive mech- 
anisms and limit the division and spread of 
premalignant cells (64). Moreover, in response 
to the secretion of immunomodulatory factors 
of the SASP (52), senescent cells prime neigh- 
boring cells for reprogramming (65-67) while 
allowing for clearance of malignant cells as 
part of an intrinsic program to stall tumor de- 
velopment and fibrosis (68-70). Collectively, 
these mechanisms set the stage for tissue re- 
pair and remodeling (63, 66, 67) and are con- 
sistent with the processes engaged to clear 
pathological vasculature in the retina (71, 72). 
To date, the removal of senescent cells by 
the immune system has been ascribed to natu- 
ral killer (NK) cells, which use the NK2GD re- 
ceptor (68-70, 73) and macrophages during, 
for example, salamander limb regeneration (74) 
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Fig. 6. NETs promote the regression of pathological vasculature in retinop- 
athy. (A) Injections of DNAse | or anti-Ly6G at P17 of OIR prevented regression 
of preretinal NV, leaving ~1.8-fold higher NV with DNAse | and ~1.5-fold higher 
NV with anti-Ly6G at P19. (B) A similar decrease in vascular regeneration was 
observed with ~1.5-fold higher avascular areas with DNAse | and ~1.7-fold higher 
avascular areas with anti-Ly6G (n = 8-18 retinas). (C) LysM-cre*”*Pad4-/~ and 


and the clearance of senescent hepatocytes in 
hepatocarcinoma (68). Induction of cellular 
senescence in hepatic carcinomas through re- 
activation of p53 promotes tumor regression 
through the elimination of senescent tumor 
cells by the innate immune system, and it has 
been suggested that NK cells, macrophages, 
and neutrophils contribute to similar degrees 
through an unexplored mechanism (70). Our 
findings suggest that prolonged exposure of 
senescent ECs to NETs directly triggers a cyto- 
toxic response leading to apoptotic death. 
This likely occurs from direct exposure to pro- 
tein constituents such as histones or MPO (54). 
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Ultimately, neutrophil-mediated NETosis might 
facilitate further clearance through innate im- 
mune phagocytosis. 

Quantitative proteomics using SILAC revealed 
that senescent ECs predominantly induce a 
secretome involved in immune regulation. Sub- 
sets of ECs in retinopathy adopt a SASP and 
excrete cytokines such as CXCLI, IL-18, and 
others, similar to what has been described for 
other senescent cell populations (53). Inhibi- 
tion of these cytokines or their receptors cur- 
tails senescence-induced NETosis and impedes 
neovascular tuft regression, highlighting the 
role of these inflammatory factors in vascular 
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LysM-cre*”*Pad4*’* mice developed similar amounts of preretinal NV and showed 
similar rates of vascular regeneration (D) at P17 of OIR, but LysM-cre*”*Pad4 ” 
mice showed retarded clearance of these vascular tufts at P19 (5.2-fold higher 
NV) (E) and ~3.7-fold larger avascular areas (F) (n = 10-14 retinas) Scale bars, 
0.5 mm. Data were analyzed with Student's t test (*P < 0.05, **P < 0.01, *** P< 
0.001) and are shown as means + SEM. 


remodeling. We cannot exclude that other 
mediators of the SASP response, such as re- 
active oxygen species, might contribute to 
NETosis. In addition to ECs, vascular-associated 
cells such as pericytes and Miiller glia also 
trigger a SASP. 

Although removal of diseased senescent vas- 
culature through a neutrophil-mediated pro- 
cess may be an intrinsic reparative mechanism 
that favors tissue remodeling after vascular 
lesions, uncontrolled retinal neutrophila and 
abundant NETosis in the retina may be in- 
compatible with proper retinal health. Retinal 
NETosis may potentially exacerbate retinal 


9 of 13 


RESEARCH | RESEARCH ARTICLE 


vasculopathy by causing microvascular occlu- 
sions or small-vessel vasculitis secondary to 
the development of autoantibodies against the 
neutrophil elastase and MPO found in NETs 
(75). This is corroborated by retinal microvas- 
cular preservation in diabetes after immuno- 
depletion of neutrophils (76, 77). Elevated 
systemic neutrophil counts are associated with 
DR (78), and elevated levels of plasma neutro- 
phil gelatinase-associated lipocalin (NGAL) po- 
sitively correlate with DR in patients with type 2 
diabetes (79). Further potential detrimental 
effects for retinal NETs in DR are suggested by 
findings that neutrophils are associated with 
capillary closure in retinas from spontaneously 
diabetic monkeys (80), and circulating DNA- 
histone complexes and polymorphonuclear 
neutrophil elastase have been reported to be 
significantly increased in patients with DR (87). 
NETs are capable of forming elaborate net- 
works of fibers that trap erythrocytes and 
platelets and provoke vascular occlusion, with 
a few hundred neutrophils capable of provok- 
ing millimeter-sized cloths (82). 

By triggering age-independent pathways of 
cellular senescence, pathological neovascula- 
ture prompts its turnover by triggering an in- 
nate immune response. These findings suggest 
an etiology for cellular senescence in tissue 
remodeling and highlight that elimination 
of senescent vascular cells ameliorates the out- 
come of neovascular retinal disease. More 
broadly, our findings identify an inherent mech- 
anism whereby bouts of sterile inflammation 
can remodel diseased blood vessels. 


MATERIALS AND METHODS 


See table S2 for a detailed description of all 
reagents. 


Animals 


All studies were performed according to the 
Association for Research in Vision and Oph- 
thalmology (ARVO) Statement for the Use of 
Animals in Ophthalmic and Vision Research 
and were approved by the Animal Care Com- 
mittee of the University of Montreal in agree- 
ment with the guidelines established by the 
Canadian Council on Animal Care. C57BL/6 wild- 
type mice were purchased from The Jackson 
Laboratory and CD1 nursing mothers from 
Charles River Laboratories. 


Human samples and vitrectomy 


Patients with PDR and controls (macular hole 
or epiretinal membrane) were followed and 
operated on by a single surgeon (F.A.R.). The 
study protocol followed the Declaration of 
Helsinki tenets and the institutional human 
clinical protocol. Informed consent was ob- 
tained from Maisonneuve-Rosemont Hospital 
(HMR) ethics committee (CER 13082). Human 
eye sections were obtained from the Human 
Eye Biobank (Toronto, Ontario). 
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OIR and depletion of neutrophils 

Mouse pups (C57BL/6, The Jackson Labora- 
tory) and their fostering mothers (CD1 from 
Charles River Laboratories or S129 from The 
Jackson Laboratory) were exposed to 75% Oz 
from P7 to P12 and then returned to room air. 
Upon return to room air, hypoxia-driven NV 
developed from P14 on (28). Eyes were enu- 
cleated at different time points and the retinas 
dissected for mRNA. Dissected retinas were 
flat-mounted and incubated overnight with 
fluoresceinated isolectin B4 (1:100) in 1 mM 
CaCl, to determine the extent of the avascular 
area or the NV area at P17. Analysis was per- 
formed using ImageJ and the SWIFT-NV meth- 
od (83). Avascular areas were calculated by 
dividing the central capillary-free area by 
the total retinal area. The percentage of NV 
was calculated by dividing the area of neo- 
vascular tufts (saturated lectin-stained vascu- 
lature on the surface of the retina) by the total 
area of the retina. Neutrophils were depleted 
from the circulation by intraperitoneal injec- 
tion of the neutrophil-specific antibody Ly6G 
(30 mg/kg) or a rat IgG2A isotype control anti- 
body (30 mg/kg). Depletion efficiency was 
assessed after FACS analysis. Intravitreal in- 
jections (1 ul) of DNAse I (10 U/ul), SB265610 
(1 um), or Kineret (150 mg/ml) were performed 
using a Hamilton syringe fitted with a glass 
capillary. 


RNA sequencing and GSEA 


Preparation and analysis of total RNA from 
OIR and normoxic retinas were as previously 
described (11). Briefly, RNA was isolated using 
the Dynabeads mRNA Direct Micro Kit (Thermo 
Fisher Scientific), and whole transcriptome 
analysis was done with Ion Total RNA-Seq Kit 
version 2. Sequencing was performed on an 
Ion Proton Instrument (Ion Torrent, Thermo 
Fisher Scientific). RNA-sequencing (RNA-seq) 
analysis was done using the Torrent Suite soft- 
ware version 5.4.0 and the RNASeqAnalysis 
plugin (Thermo Fisher Scientific) on the mouse 
reference genome mm10. GSEA was performed 
(www.gsea-msigdb.org/gsea/index.jsp) on pre- 
ranked lists based on shrunken log2-fold changes. 


Drop-seq 


Following the same digestion procedure de- 
scribed by Macosko et al. (30), single-cell sus- 
pensions were prepared from P14 and P17 
normoxic and OIR C57BL/6 mouse retinas 
through successive steps (digestion using pa- 
pain solution, trituration, and filtration) to ob- 
tain a final concentration of 120 cells/uL. The 
final cell suspension was obtained from either 
whole or rod-depleted retinas using a CD73 
magnetic column (84). Droplet generation 
and cDNA libraries were performed as de- 
scribed in the Drop-seq procedure (http:// 
mccarrolllab.org/dropseq/), and sequencing 
was carried out on an Illumina NextSeq 500 at 
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an estimated read depth/cell similar to that used 
by Macosko e¢ al. (30) (i.e., 50,000 reads/cell). 
Unique molecular identifier (UMD counts from 
the single-cell RNA sequencing (scRNAseq) 
replicates of normoxic and OIR retina were 
merged into one single digital gene expres- 
sion (DGE) matrix and processed using the 
“Seurat” package [spatial reconstruction of 
single-cell gene expression data (85)]. Cells 
expressing fewer than 100 genes and more 
than 10% of mitochondrial genes were filtered 
out. Single-cell transcriptomes were normal- 
ized by dividing by the total number of UMIs 
per cell and then multiplying by 10,000. All 
calculations and data were then performed in 
log space [i.e., In(transcripts per 10,000 + 1)]. 

After the whole and rod-depleted dataset 
were aligned using canonical correlation an- 
alysis on the most variable genes in the DGE 
matrix (86), the 20 most significant compo- 
nents were used as input for t-SNE. To iden- 
tify putative cell types on the t-SNE map, a 
density-clustering approach was used and av- 
erage gene expression was computed for each 
of the identified cluster based on Euclidean 
distances. Marker genes that were significant- 
ly enriched for each cluster were then identi- 
fied, allowing cluster annotation to specific 
cell types. After removing the contaminant 
cell cluster (i.e., red blood cells and retinal pig- 
mented epithelium), a total of 13,638 cells were 
obtained from normoxic retina (9191 from 
whole retina and 4447 from rod-depleted re- 
tina) and 17,473 cells from OIR retina (11,732 
from whole retina and 5741 from rod-depleted 
retina). Transcriptomic differences between 
normoxic and OIR cell types were statistically 
compared using a negative binomial model 
and analyzed using visualization tools includ- 
ing Dot Plot, RidgePlot, t-SNE plot, and heat- 
map plot. For pathway analysis, normalized 
single-cell gene expression profiles from each 
separate cell type identified by scRNAseq (down- 
sampled to a maximum of 1000 cells per cell 
cluster) were further analyzed using GSVA (87). 
Single-cell gene expression profiles from each 
separate cell type identified by scRNAseq were 
further analyzed using CellPhoneDB (49). The 
data discussed herein have been deposited in 
NCBI’s Gene Expression Omnibus (accession 
no. GSE150703). 


Human neutrophil isolation 


Blood was drawn from healthy volunteers in 
accordance with HMR guidelines. Neutrophil 
isolation was performed using a published 
protocol. Briefly, red blood cells were first 
removed with an Histopaque 1119 gradient. 
The top leukocyte fraction was separated with 
a 65-70-75-80-85% Percoll gradient. Neutro- 
phils were collected in the fractions above 
70%. Cells were washed twice with phosphate- 
buffered saline (PBS) and counted using an 
hemacytometer. 
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Time-lapse microscopy 

ECs (HUVEC, Lonza) were transduced with 
an RAS expressing or empty plasmid retro- 
virus for 2 rounds of 6-hour incubations. RAS- 
expressing ECs were selected after 5 days of 
selection with 100 ug/ml of hygromycin. Con- 
trol and senescent cells were seeded in a 96- 
well plate the day before. Human neutrophils 
were isolated as described previously, labeled 
for 20 min with 1 uM Dil Red at 37°C, washed 
twice, and added to the EC layer along with 
Sytox Green (150 nM). Images were acquired 
using a Zeiss Z1 live microscope equipped with 
a humidified chamber at 37°C at 5-min in- 
tervals. Image analysis was done using Imaris 
software. For imaging in live retinas, cardiac 
perfusion was done with 5 ug of Ly6G-FITC 
antibody (BioLegend) and 20 ug of lectin- 
rhodamine (Vector Laboratories) in mouse 
pups at P17 of OIR. Eyes were quickly removed 
and placed on ice in Ringer’s solution. Retinas 
were dissected, flattened out on 0.4-1m cell 
culture inserts (Millipore), and kept humidi- 
fied at all times in Ringer’s solution. Images 
were acquired with a multiphoton Zeiss LSM880 
microscope and Zeiss Zen Black software. 


Lentivirus and adenovirus production 


For lentivirus production, HEK293T cells were 
transfected with third-generation packaging 
plasmids (12251, 12253, and 12259, Addgene) 
using polyethylenimine. Lentiviruses were 
collected in the supernatants after 56 hours. 
Supernatants were cleared by centrifugation 
and filtered through 0.45-um filters to remove 
cell debris. For retrovirus production, Phoenix- 
AMPHO cells were transfected with either 
PWZL-HYGRO or pWZL-HYGRO-RASV12 in 
complete Dulbecco’s modified Eagle’s medium 
(DMEM). Thirty to 36 hours after transfec- 
tion, the medium was replaced and incubated 
for a further 12 to 16 hours. Viruses were har- 
vested, Phoenix-AMPHO cells were replenished 
with fresh DMEM for 12 hours, and viruses 
were collected a second time. Phoenix-AMPHO 
cells were purchased from ATCC (Manassas, 
VA, USA). 


Real-time PCR analysis 


RNA was isolated using the GenElute Mamma- 
lian Total RNA Miniprep Kit (Sigma-Aldrich) 
and further digested with DNase I to prevent 
amplification of gnomic DNA. RNA was re- 
verse transcribed using M-MLV reverse tran- 
scriptase and gene expression was analyzed 
using SYBR Green in an ABI Biosystems Real- 
Time PCR machine. B-actin was used as a ref- 
erence gene. All primer sequences can be found 
in fig. S19. 


FACS of digested retinas 


Retinas from pups’ eyes were dissected and 
homogenized with a solution of 750U/ml 
DNasel (Sigma-Aldrich) and 0.5 mg/ml of 
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collagenase D (Roche) for 15 min at 37°C with 
gentle shaking. Homogenates were then fil- 
tered with a '70-um cell strainer and washed 
in RPMI plus 2% fetal bovine serum. Blocking 
was done with an FC block (CD16/CD32) from 
BioLegend. A cocktail of anti-CD45.2, anti- 
CD1Ib, anti-CX3CRI1, anti-CD3e, anti-Ly6C, anti- 
Ly6G, or anti-F4/80, and anti-Gr1 antibodies 
was used, as well as 7-amino-actinomycin D 
for detection of neutrophils. Analysis was per- 
formed using a FACSCanto flow cytometer (BD 
Biosciences) and the FlowJo version 7.6 software. 


Immunohistochemistry 


Eyes were enucleated from mice and fixed in 
4% paraformaldehyde before incubation in 30% 
sucrose and inclusion in optimal cutting tem- 
perature medium. Serial sections (12 um) were 
taken, visualized using a confocal microscope 
(Olympus FV1000), and stained with 4’,6- 
diamidino-2-phenylindole (DAPI) and lectin- 
rhodamine. 


MPO detection 


Retinas from mice at various time points 
throughout OIR or during normal develop- 
ment were homogenized and the activity of 
the specific neutrophil peroxydase MPO was 
measured using O-dianisidine as a substrate. 
Briefly, retinas were homogenized in 50 mM 
potassium phosphate buffer, pH 6.0, contain- 
ing 0.5% hexadecyltrimethylammonium bro- 
mide (HETAB), sonicated, and freeze-thawed 
for three cycles. The homogenates were cen- 
trifuged for 20 min at 20,000g. Analysis of 
MPO activity of the supernatants was done 
using a 50 mM potassium phosphate buffer, 
pH 6.0, containing 0.167 mg/ml O-dianisidine 
hydrochloride and 0.0005% H,O,. Absorbance 
was measured at 460nm at 25°C. 


dsDNA and elastase activity quantification in 
human vitreous 


dsDNA was detected in the vitreous using the 
PicoGreen dsDNA reagent (Invitrogen) accord- 
ing to the manufacturer’s instructions. Elastase 
activity was assessed with human neutrophil 
elastase substrate N-succinyl-Ala-Ala-Ala-p- 
nitroanilide (Sigma-Aldrich) and recorded at 
405 nm for a period of 60 min. 


SA-B-Gal activity 

For quantification of SA-B-Gal activity, cells or 
retinas were washed twice in PBS and fixed 
with 4% PFA for 15 min or 1 hour (retinas). 
After two washes in PBS with 1 mM MgCl, 
(adjusted to pH 5.0 for mouse retinas or 
6.0 for HUVEC), incubation was done over- 
night in KC solution {5 mM K3[Fe(CN).] + 
6mM K,[Fe(CN)g] in PBS with 1 mM MgCly 
with adjusted pH and 1 mg/ml X-Gal sub- 
strate}. Photographs were taken with a Zeiss 
AxioObserver Z1 motorized inverted microscope 
using Zeiss Blue Software. 
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SILAC 


HUVEC cells were grown in Lys/Arg free 
Iscove’s modified Dulbecco’s medium resup- 
plemented with heavy or light Lys and Arg for 
a minimum of four population doublings be- 
fore induction of senescence with retroviral ex- 
pression of RASV12 or empty vector. Selection 
was performed with 100 ug/ml of hygromycin. 
At 10 days after the induction of senescence, 
cells were incubated in serum-free medium 
and supernatants collected after 24 hours. Pro- 
teins were precipitated using acetone at -20°C 
for 1 hour and resuspended in 8 M urea and 
20 mM HEPES, pH 8.0. The extracted proteins 
were then digested, mixed in equal propor- 
tions, and analyzed by MS. Postanalysis was 
done with MaxQuant software. Incorporation 
of heavy and light isotopes was estimated to 
be >90%. 


Statistical analyses 


Data are presented as mean + SEM. Student’s 
t test or ANOVA was used to compare the 
different groups. P < 0.05 was considered sta- 
tistically different. 
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with antitumor activity 
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David Jonathan Bennett}, George H. Addonat 


INTRODUCTION: Activation of the STING (stimu- 
lator of interferon genes) protein by its natural 
ligand, cyclic guanosine monophosphate- 
adenosine monophosphate (cGAMP), triggers 
signaling responses, inducing the release of 
type I interferons and other proinflammatory 
cytokines. STING-controlled interferon pro- 
duction is involved in antiviral defense as well 
as antitumor immunity. Pharmacological ac- 
tivation of STING is considered a promising 
therapeutic strategy for cancer. 


RATIONALE: First-generation STING agonists 
are cyclic dinucleotide (CDN) analogs of cGAMP. 
When administered systemically in animal 
models, they induce inflammatory cytokines 
equipotently in tumor and normal tissues, 
owing to ubiquitous STING expression. Thus, 


CDN-based STING agonists currently under- 
going clinical trials are dosed by direct intra- 
tumor injection, which limits their application 
to a narrow set of tumors. To address a broad 
spectrum of cancers, STING agonists that are 
suitable for systemic administration and pref- 
erentially target tumors are needed. We iden- 
tified a previously unknown compound (MSA-2) 
that exhibits such behavior through its dis- 
tinctive mechanism of action. Moreover, MSA-2 
is amenable to oral administration, a desir- 
able delivery route because of convenience and 
low cost. 


RESULTS: MSA-2 was identified in a phenotypic 
screen for chemical inducers of interferon-B 
secretion (see the figure, top). In cell-free as- 
says, MSA-2 binds human and mouse STING. 
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STING agonist MSA-2. Identified in a cell-based screen, MSA-2 is bound to STING as a noncovalent dimer. 
Extensive experimental analysis indicates that MSA-2 predimerization is required for binding. Acidic tumor 
microenvironments favor permeable, uncharged MSA-2. Intracellular MSA-2 is “trapped” (deprotonated) and 
accumulation drives MSA-2 dimerization, preferentially activating STING intratumorally. Orally dosed MSA-2 
is well tolerated in mice, exhibiting STING-dependent antitumor activity, as monotherapy and combined with 
antibodies against PD1 (anti-PD1). Me, methyl group; IFN8, interferon-B. 
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MSA-2 is orally available, manifesting similar 
oral and subcutaneous exposure in mice. In 
tumor-bearing mice, MSA-2 induced elevations 
of interferon-f in plasma and tumors by both 
routes of administration. Well-tolerated regi- 
mens of MSA-2 induced tumor regressions in 
mice bearing MC38 syngeneic tumors. Most 
mice that exhibited complete regression were 
resistant to reinoculation of MC38 cells, sug- 
gesting establishment of durable antitumor 
immunity. In tumor models that were moder- 
ately or poorly responsive to PD-1 blockade, 
combinations of MSA-2 and anti-PD-1 anti- 
body were superior in inhibiting tumor growth 
and prolonging survival over monotherapy 
(see the figure, right). 

Structural studies showed that MSA-2 was 
bound as a noncovalent dimer to STING in a 
“closed-lid” conformation (see the figure, left). 
Each bound MSA-2 interacted with both mono- 
mers of the STING homodimer (depicted in blue 
and orange). The simplest model that can ac- 
count for all observed equilibrium and kinetic 
behaviors of MSA-2 is as follows: MSA-2 in 
solution exists as monomers and noncovalent 
dimers in an equilibrium that strongly favors 
monomers; MSA-2 monomers cannot bind 
STING, whereas the noncovalent MSA-2 dimers 
bind STING with nanomolar affinity (see the 
figure, center). The model was further sup- 
ported by findings that covalently tethered 
dimers of MSA-2 analogs exhibited nanomolar 
affinity for STING. 

Simulations and experimental analyses pre- 
dicted that MSA-2, a weak acid, would exhibit 
substantially higher cellular potency in an 
acidified tumor microenvironment than nor- 
mal tissue, owing to increased cellular entry 
and retention combined with the inherently 
steep MSA-2 concentration dependence of 
STING occupancy (see the figure, bottom). It 
is likely that preferential activation of STING 
by MSA-2 in tumors substantially contrib- 
utes to the observed favorable in vivo anti- 
tumor activity and tolerability profile of this 
compound. 


CONCLUSION: In this work, we describe the 
identification, in vivo antitumor properties, 
and mechanism of action of MSA-2, an orally 
available human STING agonist. MSA-2 could 
prove valuable for the discovery and design of 
human STING agonists suitable for systemic 
administration in the clinic. 
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An orally available non-nucleotide STING agonist 


with antitumor activity 
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Pharmacological activation of the STING (stimulator of interferon genes)-controlled innate immune 
pathway is a promising therapeutic strategy for cancer. Here we report the identification of MSA-2, an 
orally available non-nucleotide human STING agonist. In syngeneic mouse tumor models, subcutaneous 
and oral MSA-2 regimens were well tolerated and stimulated interferon-B secretion in tumors, induced tumor 
regression with durable antitumor immunity, and synergized with anti-PD-1 therapy. Experimental 

and theoretical analyses showed that MSA-2 exists as interconverting monomers and dimers in solution, 
but only dimers bind and activate STING. This model was validated by using synthetic covalent 

MSA-2 dimers, which were potent agonists. Cellular potency of MSA-2 increased upon extracellular 
acidification, which mimics the tumor microenvironment. These properties appear to underpin the 
favorable activity and tolerability profiles of effective systemic administration of MSA-2. 


ecent clinical experience with new cancer 

therapies that block immune checkpoint 

pathways, such as antibodies to PD-1 

(anti-PD-1), has led to intense efforts 

focused on other immune pathways 
that may be pharmacologically modulated to 
enhance the therapeutic benefits of check- 
point inhibitors (7). STING (stimulator of 
interferon genes) is an endoplasmic reticulum- 
associated homodimeric protein and the receptor 
for 2',3'-cyclic guanosine monophosphate- 
adenosine monophosphate (cGAMP) (Fig. 1A), 
which is a second messenger produced by 
cGAMP synthase, a cytosolic double-stranded 
DNA sensor (2, 3). Crystallographic (4) and 
cryo-electron microscopy (5, 6) studies have 
revealed that cGAMP binding to STING induces 
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a pronounced conformational change from 
the open form of the ligand-free structure 
(Fig. 1B) to a closed-form complex that com- 
pletely sequesters the bound ligand from 
solution (Fig. 1C). Activation of STING by 
cGAMP triggers downstream signaling events 
initially via interactions of the closed-form 
complex with TBK1 kinase (5, 6) and later 
by the transcription factors IRF3 and NF«B, 
culminating in increased synthesis and secre- 
tion of type I interferons and proinflammatory 
cytokines (3). Type I interferons are essential to 
the development of robust adaptive antitumor 
immunity owing to their ability to stimulate 
T cell cross-priming (7), potentially rendering 
tumors more susceptible to checkpoint block- 
ade (8). The therapeutic potential of STING 
agonism has been demonstrated in preclinical 
studies with syngeneic mouse tumor models 
in which a cyclic dinucleotide (CDN) STING 
agonist exhibited marked antitumor activity 
when administered intratumorally either alone 
or in combination with an inhibitor of PD-1 or 
PD-L1 (7, 9-12). However, owing to ubiquitous 
STING expression, systemically administered 
CDN-based STING agonists induced inflam- 
matory cytokines in both tumor and normal 
tissues. Thus, the dosing routes of CDN-based 
STING agonists are largely limited to direct 
intratumor injection (7), which restricts their 
application to a subset of tumors. 

To address a broad range of malignancies, 
STING agonists that are suitable for systemic 
administration are required. Feasibility of 
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treating tumors with a systemically dosed 
STING agonist has been demonstrated in vivo 
with the xanthone DMXAA, a mouse-specific 
STING agonist (73-15) that binds mouse STING 
in the same closed form as that induced by 
cGAMP (4) but does not activate human STING 
(6). Unfortunately, efforts to use DMXAA as a 
starting point for medicinal chemistry have 
thus far not succeeded (7). Recently, a non- 
CDN-based human STING agonist intended 
for intravenous administration was reported 
(18). Herein, we describe a previously unknown 
non-nucleotide STING agonist (MSA-2) that 
preferentially targets tumor tissue, owing to 
its distinctive mechanism of action. Moreover, 
MSA-2 can be dosed by oral administration, 
which is a convenient, low-cost delivery route. 


Discovery of the non-CDN STING agonist MSA-2 


To identify cell-permeable STING agonists, 
we developed a high-throughput, cell-based 
phenotypic screen to detect stimulation of 
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Fig. 1. Structures of CDN ligands and human 
STING. (A) Chemical structures of human endoge- 
nous STING agonist cGAMP and synthetic analog 
MSA-1. (B and C) The ligand-free open-form 
structure (magenta) (B) of the STING homodimer 
(PDB ID 4EF5) undergoes conformational change 
to a closed form (gray) (C) upon binding cGAMP 
(PDB ID 4KSY). In the closed form, the angle 
between the central helices (a2) becomes more 
acute, and the lid residues form a four-stranded 

B sheet atop the binding site. 
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interferon-B (IFN-B) secretion, a known effect 
of STING agonism. Using human monocytic 
THP-1 cells that express the naturally occurring 
human HAQ STING isoform (hSTING-HAQ) 
(19), we screened a diverse library of ~2.4 mil- 
lion compounds and identified a small number 
of molecules, including MSA-2 (benzothiophene 
oxobutanoic acid) (Fig. 2A), that induced IFN-B 
production in THP-1 cells (Fig. 2B). MSA-2 did 
not exhibit such activity in STING /" THP-1 
cells (fig. SLA). Moreover, treatment of THP-1 
cells with MSA-2 induced phosphorylation of 
both TBK1 and IRF-3, consistent with STING 
pathway activation (fig. SIB). MSA-2 also in- 
duced IFN-B in mouse macrophages (Fig. 2C). 
In biochemical assays, MSA-2 inhibited binding 
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Fig. 2. Confirmation of MSA-2 as a STING ligand. 
(A) Chemical structures of MSA-2 and compound 2. 
Me, methyl! group. (B) In vitro evidence of STING 
agonism included induction of IFN-B in human 
THP-1 monocytes and (C) mouse macrophages. 
(D) MSA-2 displaces [°H]-cGAMP from hSTING-WT 
and hSTING-HAQ membranes in a filtration-based 
competition assay. Error bars indicate SD. 
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of radiolabeled cGAMP to full-length, membrane- 
anchored wild-type human STING (hSTING-WT) 
and hSTING-HAQ (Fig. 2D). Additionally, MSA-2 
appeared to be selective, exhibiting no signif- 
icant effect in binding assays against a panel of 
108 receptor, transporter, ion channel, and en- 
zyme assays when tested at 10 uM (table S1). 
Consistent with its small size, MSA-2 also ex- 
hibited higher permeability than CDNs such as 
the phosphorothioate analog MSA-1 (Fig. 1A) 
in an in vitro permeability assay (apparent 
permeability = 23.7 x 10° cm/s versus un- 
detected in LLC-PK1 cells). 


Orally dosed MSA-2 exhibits durable 
STING-dependent antitumor activity in vivo 


To evaluate the in vivo pharmacokinetic and 
pharmacodynamic properties and antitumor 
activity of MSA-2, it was administered by in- 
tratumoral (IT), subcutaneous (SC), or oral 
(PO) routes in the MC38 (colon carcinoma) 
syngeneic mouse tumor model (Fig. 3A). Phar- 
macokinetic studies (Fig. 3, B and C) demon- 
strated that MSA-2 dosed via either PO or SC 
regimens achieved comparable exposure in 
both tumor and plasma (table S2). MSA-2 also 
exhibited dose-dependent antitumor activity 
when administered by IT, SC, or PO routes, 
and dosing regimens were identified that in- 
duced complete tumor regressions in 80 to 
100% of treated animals (Fig. 3, D to F). Well- 
tolerated (assessed by body weight loss and 
recovery; Fig. 3G and fig. S2, A to C) PO or SC 
doses of MSA-2 that effectively inhibited tu- 
mor growth induced substantial elevations of 
IFN-§, interleukin-6 (IL-6), and tumor necrosis 
factor-o. (TNF-a) in tumor and plasma (Fig. 3, H 
to J, and fig. S2, D and E), with peak levels at 
2 to 4 hours and a return to baseline within 
~24 hours (Fig. 3, I to J, and fig. S2, D and E). 
All mice that experienced complete tumor 
regression were subsequently rechallenged with 
MC38 cells. Tumors did not grow in 95% of 
rechallenged animals (Fig. 3K), which suggests 
that MSA-2 induced long-term antitumor im- 
munity. Furthermore, in MC38 tumor-bearing 
STING®”®' (Goldenticket) mice, which lack de- 
tectable STING protein (20), MSA-2 exhibited 
no antitumor activity, weight loss, or cytokine 
induction (fig. $2, F to H), demonstrating that 
the observed MSA-2 activity is STING dependent. 
Moreover, as evaluated by in vivo antitumor 
activity and tolerability, MSA-2 administered 
orally in mice was equal to or better than MSA-1 
(cGAMP analog; Fig. 1A) dosed by IT or SC routes 
(fig. S3). Orally dosed MSA-1 [10 mg per kilogram 
of body weight (mg/kg)] exhibited poor exposure 
and was undetectable in plasma (<0.01 1M). 


MSA-2 predimerizes in solution before 
binding to STING 


The x-ray crystal structure of MSA-2 bound to 
human STING (Fig. 4A) shows a closed con- 
formation of STING, with the “lid” residues 
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(disordered in the ligand-free protein) form- 
ing a four-stranded £ sheet atop two MSA-2 
molecules and the two a», helices forming a 
smaller angle (Fig. 5A) than in the open con- 
formation (Fig. 1B), similar to the cGAMP 
complex (Fig. 1C). Binding in the same site 
as cGAMP, the two MSA-2 molecules make 
substantial contact with each other via their 
aromatic cores [316 A? of total buried solvent- 
accessible surface area (SASA); table S3] and 
stack against Tyr’ from each STING subunit 
(Fig. 4A). Bound MSA-2 also forms polar in- 
teractions with a network of water molecules 
and several surrounding side chains such as 
Ser’ (Fig. 4A; pink dashed lines to methoxy 
oxygen atoms). Each MSA-2 ketone forms a 
hydrogen bond (green dashed lines) with the 
Arg?38 guanidinium group of the proximal 
STING monomer (e.g., chain A), and the car- 
boxylate forms a hydrogen bond with the 
proximal Thr?’ (e.g., chain A). These same 
carboxylate groups additionally form hydrogen 
bonds (yellow dashed lines) with the Arg?® 
side chain across the STING homodimer (e.g., 
chain B), noncovalently cross-linking the pro- 
tein homodimer and stabilizing the “closed- 
lid” conformation. This binding mode is a 
distinctive characteristic of MSA-2 and is not 
observed in structures with other STING ago- 
nists (4, 18). Thus, the MSA-2 dimer fills the 
CDN binding pocket as effectively as cGAMP 
(MSA-2 dimer: 1047 A?, cGAMP: 1145 A? of 
total buried SASA; table S3) and functions as 
a STING agonist despite having a markedly 
lower molecular weight than that of cGAMP 
(294 versus 674 Da). 

The solution 'H nuclear magnetic resonance 
(NMR) spectrum of “N-labeled hSTING-HAQ 
(Fig. 4B, magenta) exhibits several well-separated 
resonances below 0 parts per million (ppm). 
When incubated with either cGAMP (black) or 
MSA-2 (blue), these resonances undergo anal- 
ogous upfield shifts relative to ligand-free pro- 
tein (Fig. 4B, dashed lines), suggesting a similar 
environment for these unassigned protein pro- 
tons. Moreover, two-dimensional (2D) ‘H-"N 
heteronuclear correlation NMR spectra of 
hSTING (Fig. 4C) exhibited several distinct 
diagnostic peak shifts (or “fingerprints”) cor- 
responding to the open conformation (ligand- 
free, magenta) or closed conformation (with 
bound cGAMP or MSA-2, black or blue, respec- 
tively). Substantial chemical shift perturba- 
tions were observed for lid residues such as 
Gly”®° and Gly***, consistent with the pro- 
nounced changes in local environment pre- 
dicted for the “closed-lid” conformation versus 
the largely unstructured lid of the ligand-free 
state (Fig. 1B). 

Conceptually, the STING-MSA-2 complex 
may be formed by one of the three mechanisms 
depicted in Fig. 5C. In Model 1, monomeric 
MSA-2 molecules bind independently to two 
identical, noninteracting ligand-binding sites 
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Fig. 3. MSA-2 is an orally bioavailable STING agonist with in vivo antitumor activity. (A) Illustration 


of administration routes. (B and ©) Pharmacokinetics 
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amonds) administration in MC38 tumor-bearing C57BL6 mice (n = 3 to 6). (D to F) Effect of indicated 
IT (D), SC (E), and PO (F) regimens of MSA-2 (triangles below the x axis indicate dosing days) on 


ice per group). Dashed lines indicate tumor start size 
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Statistical significance was determined by one-way analysis of variance (ANOVA). ns, not significant; 
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hSTING. (A) The 1.7-A x-ray structure of an MSA-2: 
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human hSTING-HAQ. cGAMP (from PDB ID 4KSY) is 
depicted as faint transparent sticks to illustrate the 
overlapping binding site. Interactions between MSA-2 
and the surrounding protein are shown as dashed 
lines. Lid interactions are shown in green (proximal) 
and yellow (cross-linking). Interactions at the base 
of the binding site are shown in pink. Specifically, 
MSA-2 forms both proximal and cross-linking 
interactions with lid residue Arg?®. Residue Tyr!°”(A) 
has been removed for clarity. R, Arg; S, Ser; T, Thr; 
Y, Tyr. (B) Solution 'H NMR spectra of hSTING-HAQ 
shows that multiple well-resolved chemical shift 
perturbations in the presence of MSA-2 (blue, top 
spectrum) are more closely aligned with those in 
the presence of cGAMP (black, middle) than ligand-free 
protein (magenta, bottom). (C) Solution 1H-°N 
heteronuclear correlation NMR spectra of hSTING- 
WT and hSTING-HAQ (magenta, ligand-free; black, 
cGAMP; blue, MSA-2), highlighting resonances of 

lid residues Gly?%° and Gly*** for HSTING-WT (top) and 
unassigned resonances for hSTING-HAQ (bottom), 
which undergo marked chemical shift perturbations 
when human STING adopts the closed form. 
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Fig. 5. Mode of MSA-2-STING interaction. 

(A) Structure (PDB ID 6UKM) of hSTING-HAQ dimer 
(blue) with MSA-2 (green spheres). (B) Close-up 

of bound MSA-2. NMR-relevant protons (white) are 
annotated. (C) Three models in which L, Ls, and 

R denote monomeric MSA-2 (dark green triangles), 
dimeric MSA-2, and dimeric STING, respectively. 
Visual depiction of Model 3 and equations are used 
throughout this figure. (D) Saturation binding of 
[PH]-MSA-2 (light green triangles) to full-length, 
membrane-anchored hSTING-WT (graphic). n, Hill 
coefficient: *, total membrane protein. (Inset) 
Corresponding Scatchard plot. (E) Homologous 
competition experiment with [°H]-MSA-2 (fixed), 
hSTING-WT, and unlabeled MSA-2 fitted with an 
equation based on Model 3 (solid line, Kp). Kp2 and 
L]so were calculated from Eqs. 1 and 2 in (C) with 
Kpl = 18 mM. Visualizations and graphics (inset) 
depict predominant equilibria and STING complexes, 
espectively, per concentration. CPM, counts per 
minute. Error bars indicate SD. (F) Binding kinetics 
(SPR) of MSA-2 to hSTING-WT (green trace). Kp2 was 
determined by fitting (1:1, black line) using dimeric 
MSA-2] (Lz) calculated from Eq. 3 in (C). RU, 
esonance units. (G) Proton NMR of MSA-2 titration to 
estimate Kpl (18 mM; fig. S6). Proton annotations 
correspond to those in (B). 8, chemical shift. (H) Same 
as (G) for compound 2 (inverted triangles). 

(I) Simultaneous observation of hSTING-WT cytosolic 
domain (graphic)—bound MSA-2 (triangles, titration) 
and compound 2 (inverted triangles), monitored 

by affinity selection mass spectrometry (MS) and 
normalized independently (fig. S7 and text S2). Error 
bars indicate SD. (J) IFN-6 production in response 

to MSA-2 titrations (alone; green) at multiple concen- 
trations of compound 2 (orange) fit to a four- 
parameter model (lines). 


in a STING dimer. In Model 2, binding of a 
monomeric MSA-2 molecule to one STING sub- 
unit alters the MSA-2 affinity of the unoccupied 
STING subunit. In Model 3, MSA-2 exists as 
monomers and dimers in equilibrium, but only 
dimers can bind STING. These mechanistic 
models were probed experimentally. 
Saturation binding of [7H]-MSA-2 to hSTING- 
WT yielded a Hill coefficient >1 (n ~ 1.6; solid 
line in Fig. 5D) and a concave downward 
Scatchard plot (Fig. 5D). Furthermore, homol- 
ogous radioligand competition experiments 
exhibited a bell-shaped relationship between 
specific [*H]-MSA-2 binding to hSTING-WT 
and unlabeled MSA-2 concentration (Fig. 5E). 
These behaviors are incompatible with Model 
1, which would have yielded a Hill coefficient 
of unity (dashed line in Fig. 5D), a linear 
Scatchard plot, and a homologous competi- 
tion curve that decreased monotonically with 
increasing unlabeled [MSA-2]. Furthermore, 
Model 1 failed to account for the kinetics of 
MSA-2 interaction with human and mouse 
STING observed by surface plasmon resonance 
(SPR) (Fig. 5F and fig. $4). On the basis of these 
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findings, Model 1 was ruled out. Simulations 
showed that both Model 2 and Model 3 could, 
under certain conditions, display a concave 
downward Scatchard plot and a bell-shaped 
homologous competition curve (fig. $5). How- 
ever, fitting the kinetic SPR results with Model 
2 failed to satisfactorily account for the data 
(fig. S4B and text S1). 

To further differentiate Models 2 and 3, we 
focused on experimental validation of the de- 
fining feature of Model 3: dimerization of 
MSA-2 in the absence of STING. ‘H-NMR of 
MSA-2 alone in aqueous buffer showed that sev- 
eral nonexchangeable MSA-2 benzothiophene 
ring protons underwent chemical shift per- 
turbations in a concentration-dependent man- 
ner (Fig. 5G), consistent with a reversible 
dimerization process (Kpl ~ 18 mM; fig. S6). 
The observed chemical shift perturbations were 
substantially larger for protons a to c than for 
proton e, mirroring the changes in local envi- 
ronment experienced by the bioactive MSA-2 
dimer seen in the crystal structure (Fig. 5B; 
larger shielding effects are expected for pro- 
tons a to c because of aromatic group overlap). 
This was interpreted as supporting evidence 
that most MSA-2 dimers in solution are in a bio- 
active configuration capable of binding STING. 

As shown in Fig. 5, E and F, both the equi- 
librium and kinetic properties of the MSA-2 
and hSTING-WT interaction can be accom- 
modated by Model 3, where monomeric and 
dimeric MSA-2 are in equilibrium (Kp1 = 
18 mM) and only MSA-2 dimers are capable of 
binding hSTING-WT with single-digit nano- 
molar potency (defined as Kp2) and a slow 
off-rate (4/2 = 1.3 hours). Using Model 3, we 
were also able to determine equilibrium and 
kinetic constants for the interaction of MSA-2 
with mouse STING (mSTING) and two com- 
mon human STING variants (19): hSTING- 
HAQ and human STING-H232 (hSTING-H232) 
(tables S4 and S5 and fig. S4, D, F, and H). The 
rank order of dimeric MSA-2 affinity for the 
four STING variants is mSTING > hSTING- 
HAQ > hSTING-WT >> hSTING-H232. 

Compound 2 (Fig. 2A), an MSA-2 analog in 
which the sulfur of the thiophene ring is re- 
placed by nitrogen, exhibited a weaker ten- 
dency to homodimerize in solution than did 
MSA-2 (Fig. 5, G and H, and fig. S6). Com- 
pound 2 also appeared to bind both hSTING- 
WT and hSTING-HAQ more weakly than MSA-2 
(fig. S7, A to D, and text S2) when assessed 
with a mass spectrometry-based technique 
that isolates and identifies protein-bound 
compounds [automated ligand identification 
system (ALIS)] (27). When the hSTING-WT (or 
hSTING-HAQ) cytosolic domain was incubated 
with 2 at a concentration insufficient to elicit 
detectable binding (fig. S7, C and D), inclu- 
sion of MSA-2 in the incubation caused con- 
current binding of both MSA-2 and 2 to 
STING. As shown in Fig. 5I (or fig. S7E), in- 
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creasing [MSA-2] caused a bell-shaped in- 
crease (and decrease) in bound 2 (orange), 
whereas bound MSA-2 (green) concurrently 
increased in a sigmoidal fashion. These ob- 
servations were interpreted as mass-action- 
driven formation of MSA-2:2 heterodimers 
capable of binding STING and competition 
between these heterodimers and MSA-2 homo- 
dimers for binding to STING (Fig. 5I, top). To 
determine whether the MSA-2:2 heterodimer 
is a functional agonist, cellular experiments 
were conducted to assess the agonist potency 
of MSA-2 in the presence of several fixed con- 
centrations of compound 2, which alone did 
not have any detectable agonist activity. Com- 
pound 2 increased the apparent potency of 
MSA-2 as much as 10-fold in a concentration- 
dependent manner when measuring IFN-B 
secretion from THP-1 cells (Fig. 5J). These re- 
sults suggest that (i) the MSA-2:2 heterodimer 
is a functional agonist, and (ii) the equilibrium 
dissociation constant for heterodimer forma- 
tion must be lower than that for compound 2 
homodimerization. Taken together, the ob- 
served interactions between MSA-2 and 2 
constitute powerful evidence for the basic prem- 
ise of Model 3—namely, that the bioactive 
molecule is a noncovalent dimer. 


Design of covalent MSA-2 dimers, which are 
potent STING agonists 


The central tenet of Model 3 is that MSA-2 
must form a noncovalent dimer in solution to 
gain STING binding activity, whereas mono- 
meric MSA-2 is incapable of binding STING. 
This model therefore predicts that a stable 
compound dimer would be a good ligand. We 
thus used this compound as the starting point 
for development of a more potent class of 
STING agonists. Although various substitutions 
of the heterocycle and oxobutanoic acid regions 
of the molecule did not improve potency, anal- 
ysis of the x-ray cocrystal structure with STING 
suggested the possibility of synthetically linking 
the two closely packed MSA-2 units to produce a 
single molecule, a covalent dimer, that would 
bind with reduced entropic penalty. 

To predict the optimal linkers for this design, 
we developed a computational method in which 
thousands of tethered benzothiophene cores 
were generated in silico (enumerated). Each 
of their conformations was scored for the 
estimated free energy required for selection 
out of the conformational ensemble versus the 
quality of overlay on the crystal structure of 
MSA-2 bound to STING (Fig. 6A). The results 
highlight linking between the 5-positions— 
especially replacement of both 5-methoxy 
groups with a propane linker (Fig. 6A, teal 
circle labeled 3)—as particularly promising. 

We thus synthesized covalent dimer 3 (Fig. 
6C) and found that it is a highly potent STING 
agonist. Confirmation that the binding mode 
of 3 was similar to the MSA-2 noncovalent 
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pose was provided by an x-ray cocrystal struc- 
ture with human STING (Fig. 6B), which il- 
lustrated that the key interactions of both 
the ketone and carboxylic acid moieties with 
STING lid residues replicate those of MSA-2. 
Notably, the loss of the 5-methoxy groups 
and their interactions with the side chains of 
Ser’ did not abrogate cellular potency. 

Having demonstrated the viability of a co- 
valent linking strategy with a three-atom, all- 
carbon propyl linker in 3, we investigated a 
diverse set of modifications and found that 
both homologation to four- and five-atom link- 
ers and incorporation of oxygen at the linker 
attachment points were generally well toler- 
ated, particularly when one or both benzo- 
thiophene cores were fluorinated alpha to the 
5-position linker attachment point (Fig. 6C 
and fig. S8A). This effect was particularly evi- 
dent for the 1,2-dioxoethane linker, for which 
fluorination of the core was required for po- 
tency (e.g., 6 and 7 versus 5). Within the 
computational analysis, linkers with oxygen 
attachment points were predicted to have in- 
creased strain due to the required out-of-plane 
geometry. Fluorination at the neighboring po- 
sition helps eliminate this strain through pre- 
organization, consistent with observation. 

In addition to linker composition, we also 
observed a surprisingly broad accommodation 
of different linker attachment points on the 
benzothiophene cores (Fig. 6C and fig. S8), 
with both 5,6- and 6,6-linked analogs of 9 pro- 
viding potent agonists. With these data validat- 
ing additional permutations beyond 5,5-tethers, 
we revisited the x-ray structure of MSA-2 bound 
to STING and noted the proximity of the 6- 
methoxy group of one MSA-2 unit to the 4- 
position of the benzothiophene core of its 
partner. On the basis of modeling that suggested 
that a shorter tether would be preferred, we pre- 
pared the 4,6-propyl linked analog 12, which 
again demonstrated potent STING agonism. 

X-ray crystallographic data obtained for a 
number of these covalent dimers bound to 
STING revealed that the oxobutanoic acid 
moiety is the dominant feature in determining 
the binding pose for these molecules (Fig. 6D, fig. 
S8B, and table S6). Notably, all analogs preserve 
the same configuration and interactions of the 
ketone and carboxylic acid portions of the oxo- 
butanoic acid moieties, regardless of linker at- 
tachment points. To preserve these interactions, 
tethered molecules adopted benzothiophene 
conformations to maintain symmetric or pseu- 
dosymmetric n-stacking arrangements that 
conserve the oxobutanoic acid interaction 
with STING. 

Taken together, the results described for 
MSA-2 and its covalent dimer analogs estab- 
lish that presentation of two oxobutanoic acid 
substructures in a specific conformation— 
either through noncovalent interactions or 
linked by various methods and modified by 
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Fig. 6. Identification of covalently linked MSA-2 
analogs. (A) Enumeration of thousands of possible 
linked benzothiophene core dimers identified linkage 
arrangements predicted to adopt low-energy con- 
formations that provide optimal overlay with the MSA-2 
STING-bound structure. Teal circles, predicted optimal 
conformations of 3, 4, and 5; AG, Gibbs free energy. 
(B) X-ray crystal structure of dimer 3 (purple) 
confirms adoption of an MSA-2 (dark and light green 
overlay)—like conformation in the STING binding site. 
(C) Variation of linker composition and attachment 
positions with assay data summary (mean + SD, 

n= 2 unless noted with superscript a, in which case 
n = 3). ICso, half-maximal inhibitory concentration; 
ECso, half-maximal effective concentration. 

(D) Superposition of crystal structures of STING in 
complex with seven covalent dimeric MSA-2 
analogs with various combinations of linker length 
(three, four, or five atoms), C-linked or O-linked, 
symmetric or asymmetric, and substitution positions 
(5/5, 6/6, 5/6, 4/6). Each compound binds in the 
same location and positions the y-ketoacid group for 
identical interactions with Arg?*° (see Fig. 4A), 

even if this requires the benzothiophene group to 
be flipped relative to the parental MSA-2 orientation. 
(E) SPR sensorgram for the interaction of compound 3 
with hSTING-WT (purple line), successfully fitted 
with a direct 1:1 binding model (black line). Resultant 
kinetic parameters are summarized (n = 3), and 
tested concentrations are noted in gray (top). 

RU, resonance units. 


various substitutions—represents a general 
pharmacophore for potent STING agonism. 

We selected compound 3 as the most rea- 
sonable surrogate for the noncovalent dimer 
of MSA-2 (Fig. 6, B and C) and determined the 
kinetic parameters by SPR. Compound 3 
exhibited 1:1 binding with hSTING-WT and 
a slow on-rate (x, = 1.1 x 10* M7! 74) that is 
very similar to that calculated for the non- 
covalent MSA-2 dimer based on Model 3 (4,2 = 
4.9 x 10* M's"; Fig. 5F). These observations 
further support our interpretation that the 
NME-derived equilibrium constant for MSA-2 
homodimerization (Kpl) predominately re- 
flects formation of a bioactive dimer. In sum- 
mary, the relatively simple Model 3 can fully 
account for all of the data. To our knowledge, 
MSA-2 is currently the only small molecule 
reported to undergo reversible, noncovalent 
dimerization in solution to become a pharma- 
cologically active ligand. 


Enhanced cellular potency of MSA-2 predicted 
in acidic tumor microenvironments 


Considering physiologically relevant condi- 
tions, the fraction of uncharged MSA-2 mole- 
cules (pK, = 4.78 + 0.05, where K, is the acid 
dissociation constant) at pH 7.4 is ~0.2% and 
increases with decreasing pH (fig. S9A). As- 
suming that cellular influx and efflux of MSA-2 
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is primarily by passive diffusion of uncharged 
MSA-2, we hypothesized that acidification of 
the extracellular environment, such as oc- 
curs often in tumors (22), would facilitate 
cellular entry and retention of MSA-2, there- 
by increasing its intracellular concentration 
and enhancing its apparent cellular potency. 
Employing the algorithms of Scott et al. (23) 
and a binding equation based on Model 3 
{fraction saturation = [free MSA-2]’/(Kp + 
[free MSA-2]°)}, we simulated the theoretical 
effects of extracellular pH on the intracellular 
[MSA-2] and fractional saturation of STING. 
The simulations predicted that when the ratio 
of cell membrane permeability of uncharged 
to charged MSA-2 =50, varying extracellular 
pH within the pathophysiological range (6 to 
7.5) will have substantial effects on the intra- 
cellular concentrations of monomeric and di- 
meric MSA-2 (Fig. 7A) and will thereby shift 
the cellular potency of MSA-2 (Fig. 7B). This 
observation implies that in vivo, systemic 
doses of MSA-2 that are insufficient to induce 
detectable STING activation in normal tissues 
may elicit substantial STING activation in tis- 
sues with an acidified microenvironment. 

These predictions were validated qualita- 
tively by observations that stepwise reductions 
of extracellular pH from 7.5 to 6 increased 
MSA-2 potency in both THP-1 cells and mouse 
macrophages (Fig. 7, C and D). By contrast, 
in THP-1 cells the potency of cGAMP, which 
is 100% anionic over the same pH range, was 
essentially unchanged (Fig. 7E). Direct pH mea- 
surement in vivo confirmed that relevant syn- 
geneic mouse tumors were more acidic than 
nontumor regions (Fig. 7F). Moreover, higher 
MSA-2 concentrations were observed in tumors 
than in plasma or other nontumor tissues 
(Fig. 7G) and were used to calculate theoret- 
ical bioactive MSA-2 dimer levels (dotted line). 
The increase in proinflammatory cytokine (IFN-f, 
IL-6, and TNF-a) levels also trends higher in 
tumors than in various nontumor tissues after 
administration of MSA-2 by SC or PO routes 
(Fig. 7H and fig. S9, B and C). 


MSA-2 enhances in vivo antitumor activity 
of anti-PD-1 antibody 


We also investigated whether MSA-2 could 
enhance antitumor activity of anti-PD-1 in 
syngeneic tumor models that are either mod- 
erately or poorly responsive to PD-1 blockade. 
Combinations of systemically administered 
MSA-2 with anti-PD-1 were evaluated in four 
syngeneic mouse tumor models: advanced 
MC38 (colorectal), CT26 (colorectal), BIGF10 
(melanoma), and LL-2 (lung) tumors. For each 
tumor model, one or more combinations of 
anti-PD-1 dosed intraperitoneally and MSA-2 
(dosed subcutaneously or orally) were found 
to be synergistic in inhibiting tumor growth 
and prolonging overall survival compared with 
the corresponding monotherapy (Fig. 8, A to 
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Fig. 7. Simulated and observed effect of extracellular pH on MSA-2-induced STING activation. 

(A) Simulated effect of extracellular pH on intracellular concentration of dimeric and monomeric MSA-2 when 
total extracellular [free MSA-2] = 3 uM. Assumptions: membrane potential = -40 mV, intracellular pH = 7.2, 
permeability ratio of uncharged to charged free MSA-2 = 50. (B) Simulated effect of extracellular pH on 
relationship between extracellular [free MSA-2] and STING occupancy (Kp = 100 uM?) in cells. Same assumptions 
as in (A); see materials and methods. (C and D) Observed effect of extracellular pH on potency of MSA-2 in 
stimulating IFN-B secretion in THP-1 cells and mouse macrophages, respectively. (E) Observed effect of 
extracellular pH on cCGAMP potency in THP-1 cells. (F) In vivo pH measurements from tumors (solid circles) 
and contralateral skin area (open circles) (n = 9 to 11) in three different syngeneic tumor models. (G) Time 
course of MSA-2 concentrations in various tissues after a single SC dose of 50 mg/kg to MC38 tumor-bearing 
C57BL6 mice (n = 3). Data were collected from the same experiment depicted in Fig. 3, B and C. Simulated 
upper limit for bioactive [dimeric MSA-2] in tumors (dotted line) calculated using Model 3 (Eq. 3 from Fig. 5C). 
(H) IFN-B levels in various tissues of MC38 tumor-bearing C57BL6 mice (n = 5, mean + SD) 4 hours after 

the indicated doses of MSA-2 by SC or PO administration. Statistical significance was determined by paired t test 
(F) or one-way ANOVA [(G) and (H)]. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. 
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D, and fig. S10). Combination regimens with 
lower MSA-2 levels achieved the same efficacy 
end point with improved tolerability (body 
weight) compared with the higher MSA-2 
monotherapies required for regression in these 
anti-PD-1 refractory models (Fig. 8E). Fur- 
ther, combinations of MSA-2 and anti-PD-1 
increased tumor CD8* T cell infiltration in 
the LL-2 tumor model (Fig. 8F). Moreover, T 
cell and immunodeficient mice (NCr nude 
and NSG) bearing MC38 tumors exhibited 
only partial tumor regression in response to 
MSA-2 doses that are typically sufficient to 
induce complete regression in C57BL6 mice 
(Fig. 8G), despite evident target engagement 
(changes in both cytokine levels and body 
weight; fig. S11). These observations, com- 
bined with the MC38 rechallenge results (Fig. 
3K), suggest that both innate and adaptive 
immune function contribute to STING agonist- 
driven tumor regression. However, further in 
vitro and in vivo studies are required to 
more fully understand the immunopharma- 
cology and toxicology of MSA-2 and related 
compounds. 


Outlook 


We report the identification of an orally avail- 
able, non-nucleotide-based STING agonist, 
MSA-2, in a high-throughput cell-based pheno- 
typic screen. When used as a single agent in 
mice, systemically administered MSA-2 in- 
duced tumor regression with durable anti- 
tumor immunity and was well tolerated. In 
mouse tumor models that are poorly responsive 
to PD-1 blockade, combinations of MSA-2 with 
an anti-PD-1 immune checkpoint inhibitor were 
superior to monotherapy in inhibiting tumor 
growth and prolonging survival. Experiments 
with STING-deficient and immunodeficient 
mice showed that the immunogenic and anti- 
tumor activities of MSA-2 are mediated by 
STING and involve both the innate and adaptive 
immune systems. These observations strongly 
support the concept that induction of host 
adaptive antitumor immunity via pharmaco- 
logical activation of STING can overcome tu- 
mor resistance to checkpoint inhibitors. 

First-generation CDN-based STING ago- 
nists currently undergoing clinical trials are 
dosed by intratumor injection. A recent study 
by Sivick et al. (9) highlighted the challenges 
associated with attaining optimum drug levels 
by direct intratumor dosing, a critical require- 
ment to balance the immunogenic and cell- 
ablative effect of STING activation. The ease of 
MSA-2 PO administration and the correspond- 
ing pharmacokinetic profile allow fine-tuning 
of the magnitude of STING agonism in various 
tissues in vivo. 

Notably, MSA-2 preferentially targets tumor 
tissue because of its distinctive mechanism 
of action. In-depth molecular mechanism of 
action studies revealed that MSA-2 is not an 
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Fig. 8. Therapeutic activity of systemic MSA-2 regimens combined with PD-1 blockade in mouse tumor 


models. Survival curves of B16F10 (A), LL-2 (B), advanced 


C38 (C), and CT-26 (D) tumor-bearing mice treated 


with vehicle + Iso. control (anti-mouse |gG1 monoclonal antibody), muDX400 (anti-mouse PD-1 monoclonal 
antibody), or MSA-2 at the indicated doses (SC or PO; colored as in Fig. 1) alone or in combination with muDX400 
(n = 10 per group). Vehicle was dosed SC or PO and antibodies were dosed intraperitoneally (IP). (E) Tolerability, 


illustrated by percentage of body weight change of mice in (C), 


on day 2 for the indicated doses. (F) Quantification of 


CD8* T cell infiltration into LL-2 tumors treated as in (B) (n = 4). (G) Tumor volume in T cell-deficient NCr nude 


and NSG or immune-competent C5/BL6 mice after vehicle or 


SA-2 administration (n = 10, mean + SEM). Statistical 


significance was determined by log-rank Mantel-Cox test for 


Student's t test for (F) and (G). ns, not significant; *P < 0.05; 


A) to (D), one-way ANOVA for (E), and unpaired 
>» **P < 0.01; ***P < 0.001; ****P < 0.0001. 


active ligand of STING but rather a prodrug 
of sorts. In solution, monomeric MSA-2 exists 
in equilibrium with a noncovalent dimer of 
MSA-2, which is a potent STING agonist. In 
fact, covalently tethered dimers of MSA-2 ana- 
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logs, another previously unidentified class of 
STING agonists, exhibited nanomolar affinity 
for STING. Simulations and experimental analy- 
ses predicted that MSA-2, a weak acid, would 
exhibit substantially higher cellular potency 
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in an acidified tumor microenvironment (ver- 
sus normal tissue), owing to increased cellular 
entry and retention combined with its inher- 
ent mode of interaction with STING. It is 
likely that preferential activation of STING by 
MSA-2 in tumors substantially contributes 
to the observed favorable in vivo antitumor 
activity and tolerability profile of this com- 
pound. MSA-2 is a small molecule that under- 
goes reversible, noncovalent dimerization in 
solution to become a pharmacologically active 
ligand. MSA-2, an orally available human and 
mouse STING agonist, should be a valuable 
tool in the endeavor to discover and design 
human STING agonists suitable for systemic 
administration in the clinic. 


Materials and methods summary 
High-throughput screening and follow-up assays 


In the primary screen, THP-1 (ATCC TIB-202) 
cells were incubated, in 1536-well plates, with 
test compounds (20 uM) in a RPM11640-based 
assay medium in the presence of 5% carbon 
dioxide at 37°C for 5 hours. IFN-B levels were 
determined using an AlphaLISA assay and 
an EnVision Reader (PerkinElmer, Waltham, 
MA) and expressed as percentages of IFN-B 
induced by cGAMP (100 uM, positive con- 
trol). In follow-up assays, the cellular activity 
of hits from the primary screen was confirmed 
in THP-1 and mouse macrophage cells by using 
the Meso Scale Human Interferon-f assay kit 
(Meso Scale Discovery) or the mouse IFN-B 
Verikine ELISA (enzyme-linked immunosor- 
bent assay) (PBL Assay Science, Piscataway, NJ), 
respectively. STING binding activity of com- 
pounds was evaluated with a competitive radio- 
ligand binding assay using tritiated cGAMP 
and membrane embedded full-length recom- 
binant human and mouse STING generated 
in insect cells. STING pathway activation by 
MSA-2 was assessed by Western blotting, prob- 
ing phosphorylation status and total protein 
levels of STING, TBK-1, and IRF3 by using com- 
mercially available antibodies (Cell Signaling 
Technology, Danvers, MA). 


Biochemical and biophysical methods 


In saturation binding experiments, insect mi- 
crosomes expressing full-length STING were 
incubated with serially diluted tritiated MSA-2 
for 18 hours at 25°C. Reactions were terminated 
by filtration, and filter-bound radioactivity 
was measured by a TopCount NXT instrument 
(Perkin Elmer). Nonspecific binding was de- 
termined in the presence of cGAMP (20 LM). 
In homologous competition binding experi- 
ments, insect microsomes expressing hSTING- 
WT or mSTING were incubated for 16 hours 
(25°C) with serially diluted unlabeled MSA-2 
(with or without 100 uM cGAMP) at a fixed 
concentration of tritiated MSA-2 (0.16 (1M). 
Levels of STING-bound tritiated MSA-2 were 
determined as described above. N-terminal 
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tagged recombinant cytosolic domain STING 
constructs were cloned into the pET47b plasmid, 
expressed in Escherichia coli, and purified by 
affinity and size exclusion chromatography. Af- 
finity tags were removed for proteins intended 
for crystallography and protein NMR. STING 
intended for SPR experiments was biotinylated 
using BirA Biotin-Protein Ligase Bulk Reaction 
Kit (Avidity, Aurora, CO). STING used in NMR 
experiments was generated using expression 
media containing [°N]-ammonium sulfate 
(Cambridge Isotope Laboratories, Tewksbury, 
MA). For crystallography, cocrystals of hSTING- 
HAQ complexed with MSA-2 or covalent dimers 
were prepared by hanging-drop vapor diffu- 
sion with streak seeding at 18°C. Samples were 
prepared for synchrotron data collection by 
swishing through perfluoropolyether cryo oil 
(Hampton Research) before plunging into liq- 
uid nitrogen. Structures were solved by molec- 
ular replacement using PDB ID 4KSY as a 
probe. Protein NMR experiments (1D ‘H methyl 
and 2D 'H-N SOFAST-HMQC) using “N- 
labeled STING (50 uM) were conducted at 30°C 
on an 800-MHz Bruker Ascend Four Channel 
AVANCE III HD NMR spectrometer equipped 
with a TCI 5-mm CryoProbe (automatic tuning 
and matching). Proton ((H) NMR experiments 
to determine dimerization properties of MSA-2 
or compound 2 were collected on a Varian 
VNMRS 600-MHz instrument at 25°C. For SPR 
(Biacore T200, GE Healthcare) experiments, 
biotinylated cytosolic domain STING variants 
(1 to 3 uM, molecular weight ~31 kDa) were 
captured on a streptavidin chip (Series S Sensor 
Chip SA, GE Healthcare) to a final level of 
~3100 resonance units. Serially diluted com- 
pound solutions were analyzed using single- 
cycle injection mode at a flow rate of 50 w/min 
in HBS-EP+ buffer (GE Healthcare) with 1 mM 
dithiothreitol and 3% v/v dimethyl sulfoxide. 
For ALIS experiments, human STING (5 uM) 
was preincubated with MSA-2 and/or com- 
pound 2 for 30 min before injection into the 
ALIS system. Both protein and protein-ligand 
complexes were separated from unbound ligand 
by using a proprietary size exclusion chroma- 
tography column and were subsequently di- 
rected to a reverse-phase C18 column (40°C) 
equilibrated with aqueous 0.2% formic acid. 
Dissociated ligands were resolved using a sol- 
vent gradient (0 to 95% acetonitrile in 2.5 min) 
and eluted directly into a high-resolution Ex- 
active mass spectrometer (ThermoFisher Sci- 
entific, San Jose, CA). 


In vivo methods 


All animal experimental procedures were per- 
formed according to the guidelines approved 
by the Institutional Animal Care and Use Com- 
mittee of Merck & Co., Inc., Kenilworth, NJ, 
USA, following the guidance of the Association 
for Assessment and Accreditation of Labora- 
tory Animal Care. C57BL/6J and NSG (NOD. 
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Ce-PrkdeS“* Targ™™™/S7J) mice were ob- 
tained from The Jackson Laboratory (Bar 
Harbor, ME), whereas BALB/c and nude NCr 
mice were obtained from Taconic Biosciences 
(Germantown, NY). Tumor cells were inocu- 
lated subcutaneously into the lower flank. 
MSA-2 or vehicle was dosed by IT injection, 
SC injection, or PO gavage. Tumor and body- 
weight measurements were performed twice 
per week using calipers and a weigh scale, re- 
spectively. Mice were euthanized when tumor 
volume approached ~2000 mm?, weight loss 
exceeded 20%, or tumors ulcerated. When 
necessary, plasma and tumor samples were 
collected at specific time points and frozen for 
pharmacokinetics and pharmacodynamics 
studies. MSA-2 concentration was then de- 
termined by liquid chromatography and mass 
spectroscopy (API5000, Applied Biosystems). 
IFN-B was measured by ELISA (PBL Assay 
Science, Piscataway, NJ), and IL-6 and TNF-a 
were measured using a Meso Scale kit (custom 
U-plex kit, Meso Scale Discovery, Rockland, 
MD). Tumor pH was measured using a bevel- 
needle-tipped combination microelectrode 
(Orion 9863BN Micro pH Electrode) inserted 
up to 1.3 cm into the center of the tumor. 


Chemistry 


Tritiated cGAMP was synthesized via a bio- 
catalytic reaction in which recombinant 
cGAMP synthase preactivated with herring 
DNA was incubated with [®H]-ATP (Perkin 
Elmer) and [*H]-GTP (Perkin Elmer) overnight 
at 37°C. The reaction was then filtered to re- 
move protein, and [°H]-cGAMP was purified 
by anion exchange chromatography. MSA-2 
was synthesized in three steps using 5,6- 
dimethoxybenzo[b]thiophene-2-carboxylic acid 
as the starting material and (3-ethoxy-3- 
oxopropyl)zinc(II) bromide. Tritiated MSA-2 
(4-(5-methoxy-6-(methoxy-t;)benzo[b]thiophen- 
2-yl)-4-oxobutanoic acid) was synthesized in 
five steps using MSA-2 as the starting material. 

See the supplementary materials for more 
details about the experimental materials and 
methods. 
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Intestinal microbiota have been proposed to induce commensal-specific memory T cells that cross-react 
with tumor-associated antigens. We identified major histocompatibility complex (MHC) class I|—binding 
epitopes in the tail length tape measure protein (TMP) of a prophage found in the genome of the 
bacteriophage Enterococcus hirae. Mice bearing E. hirae harboring this prophage mounted a TMP-specific 
H-2K°-restricted CD8* T lymphocyte response upon immunotherapy with cyclophosphamide or 
anti-PD-1 antibodies. Administration of bacterial strains engineered to express the TMP epitope 
improved immunotherapy in mice. In renal and lung cancer patients, the presence of the enterococcal 
prophage in stools and expression of a TMP-cross-reactive antigen by tumors correlated with long-term 
benefit of PD-1 blockade therapy. In melanoma patients, T cell clones recognizing naturally processed 
cancer antigens that are cross-reactive with microbial peptides were detected. 


nleashing immune responses against 
tumor-associated antigens through chemo- 
therapy, radiotherapy, targeted thera- 
pies, or immune checkpoint inhibitors 


the gut microbiota affects the cancer-immune 
set point, thus influencing the clinical out- 
come of cancer therapies, has rekindled the 
concept that microbes or their products mod- 


has formed the basis of successful can- 
cer treatments (/, 2). The recent discovery that 


ulate not only intestinal but also systemic im- 
munity (3, 4). Indeed, memory responses by 


interferon-y (IFNy)-secreting CD4* and CD8* 
T cells specific for Enterococcus hirae, Bacteroides 
fragilis, and Akkermansia muciniphila are 
associated with favorable clinical outcome in 
cancer patients (5-8), suggesting that microbe- 
specific T lymphocytes may contribute to anti- 
tumor immune responses. The mechanisms 
through which microbes trigger chronic in- 
testinal inflammation and systemic auto- 
immune disease have not been resolved (9). 
The theory of “molecular mimicry” (0-15) 
posits that T cells elicited by bacteria or viruses 
accidentally recognize autoantigens as they 
“escape” from self-tolerance-inducing mecha- 
nisms (such as clonal deletion or inactivation). 
Although major histocompatibility complex 
(MHC) class I- and class Il-binding epitopes 
encoded by bacterial genomes may be immu- 
nogenic (10-14), very few reports have dem- 
onstrated that microbe-specific CD4* or CD8* 
T lymphocytes attack normal or neoplastic 
tissues (16-18). 

Cyclophosphamide (CTX) is a chemothera- 
peutic drug that can induce the translocation 
of E. hirae from the gut lumen to the mesen- 
teric and splenic immune tissues. This results 
in CD4* and CD8s* T lymphocytes producing 
interleukin-17 (IL-17) and IFNy and correlates 
with improved anticancer immune responses 
in mice (6, 19). Broad-spectrum antibiotics 
abolished the therapeutic efficacy of CTX 
unless EF. hirae was supplied by oral gavage 
(6). When comparing a panel of distinct 
E. hirae strains (table S1 and fig. S1A) for their 
capacity to restore the antibiotic-perturbed 
anticancer effects of CTX, we found that only a 
few E. hirae isolates (such as 13144 and IGR11) 
were efficient to reduce MCA205 tumor size 
(Fig. 1, A and B) (6). Given that the therapeutic 
efficacy of the combination of CTX and E. hirae 
13144 is abrogated by the depletion of CD8* 
T cells or the neutralization of IFNy (6), we 
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screened the differential capacity of E. hirae 
strains to elicit memory T cell responses after 
priming of the host, measured as the ex vivo 
recall response (IFNy secretion) of splenic 
CD8* T cells against various E. hirae strains 
loaded onto dendritic cells (DCs) (fig. S2A). 
Whereas E. hirae 13144: triggered specific CD8* 
T cell responses (that were not cross-reactive 
against irrelevant enterococci), E. hirae '708 
and 13344 (two prototypic inefficient strains) 
(6) failed to do so (fig. S2A). 

To identify relevant T cell epitopes, we 
aligned the sequences of bacterial genes en- 
coding putative cell wall and secreted proteins 
for immunogenic (13144) versus nonimmu- 
nogenic (708 and 13344) EF. hirae strains, 
followed by the in silico identification of 
13144-specific nonapeptides with strong af- 
finity (<50 nM) for the MHC class I H-2K? 
protein (table S2). Subsequently, we recov- 
ered splenic CD8* T cells from mice that had 
been exposed to E. hirae 13144 and CTX (Fig. 
1C), restimulated them in vitro with pools of 
potentially immunogenic nonapeptides from 
E. hirae 13144 to measure IFNy production 
(table S2 and fig. S2B), and then split the 


most efficient pool (no. 7) into individual 


peptides (Fig. 1D). This approach led to the 
identification of one dominant epitope (one- 
letter amino acid code: TSLARFANI, abbre- 
viation TMP1) in position 187 to 197 of the 
amino acid sequence of the bacteriophage 
tail length tape measure protein (TMP, 1506 
amino acids) from a 39.2-kb prophage of 
E. hirae 13144 (Fig. 1D, fig. $3, and tables S2 
and S3). Temperate and lytic bacteriophages 
are bacterial viruses that transfer virulence, 
antimicrobial resistance genes, and immu- 
nogenic sequences to new bacterial hosts 
with a strict specificity (20). The TMP protein, 
which contains a variable number of tandem 
repeats with highly conserved tryptophan 
and phenylalanine residues at fixed positions, 
is encoded by the genome of Siphoviridae 
phages (21, 22). 

The 39.2-kb prophage (i.e., bacteriophage 
genome) encodes 65 genes, including one 
shared between all 18 EF. hirae genomes and 
38 specific to E. hirae 13144 (fig. SIB), encod- 
ing capsid, portal, and tail structures charac- 
teristic of Siphoviridae bacteriophages. The 
TMP!1 epitope of the 39.2-kb prophage from 
FE. hirae 13144 and the prophage fragment 
contained in FE. hirae IGR11 showed 100% se- 


quence identity (figs. S3 and S4A). Accordingly, 
E. hirae IGRI was as efficient as E. hirae 13144: 
in reducing the growth of MCA205 sarcomas 
treated with CTX (Fig. 1, A and B). By con- 
trast, the absence of a bona fide TMP! epitope 
(observed in EF. hirae 708 and 13344) (fig. S1B) 
and a mutation in position 3 of the TSLARFANI 
peptide (LF observed in FE. hirae ATCC9790) 
(fig. S4A) correlated with the lack of anticancer 
effects of these FE. hirae strains (Fig. 1B) (6). 
Enzyme-linked immunosorbent spot (ELISpot) 
assays designed to detect peptide-specific IFNy- 
producing T cells revealed that mice gavaged 
with E. hirae 13144 or IGR11 mounted a CD8* 
T cell response against TMP1 (but not against 
the control peptides TMP2 and TMP3), but 
mice receiving E. hirae strains lacking TMP1 
(strains 708 and 13344) or a strain possessing 
a mutated TMP!1 (strain ATCC9790) were un- 
able to stimulate a response (Fig. 1D). We used 
a fluorescent H-2K?/TSLARFAN: I tetrameric 
complex [and its negative control H-2K?/ 
SIINFEKL binding to ovalbumin (OVA) spe- 
cific CD8* T cells] to detect the frequency 
and distribution of TMP1-specific cytotoxic 
T lymphocytes (CTLs) in naive and MCA205 
sarcoma-bearing C57BL/6 mice. We observed 
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Fig. 1. Phage tail length TMP is a specific antigenic sequence in E. hirae 
13144. (A and B) C57BL/6 mice bearing MCA205 sarcomas were conditioned 
with broad-spectrum antibiotics (ATB) (streptomycin, colistin, ampicillin, 
vancomycin) for 3 days before performing oral gavages with E. hirae strain 
13144 and intraperitoneal injections of CTX. (B) Tumor size was recorded for 
each mouse at sacrifice on day 25. Mean tumor sizes at sacrifice are 
depicted. (C to E). Naive C57BL/6 mice were conditioned with antibiotics, 
gavaged with indicated E. hirae strains and treated with CTX (C). (D) Day 11 
purified CD8* T splenocytes [from (C)] were restimulated ex vivo in a recall 
assay with bone marrow-derived DCs loaded with the indicated peptides 
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(group 7 in table S2) to qu 
IFNy-producing cells per 2 


antify IFNy-secreting CD8*T cells. The number of 
x 10° CTL is depicted for three independent 


experiments. (E) H-2K/TMP1 (TSLARFANI) or H-2K°/SIINFEKL tetramer- 


binding CD8* splenocytes 
day 11. The percentages of 
depicted for three independe 
stainings in tumor-draining 


from (C)] were detected by cytofluorometry at 
tetramer-binding CTL in the CD8* T cell gate are 
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three independent experiments containing groups of five to six mice. 


ANOVA statistical analyses 
***P < 0.001. The statistica 


Kruskal-Wallis test): *P < 0.05, **P < 0.01, 
report is in the supplementary materials. 
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a specific increase in splenic CD8”* T cells that 
recognized the TMP1 peptide (but not the 
OVA peptide SIINFEKL) at day 7 after treat- 
ment with CTX and gavage with E. hirae 
13144 (Fig. LE), as well as in tumor-draining 
lymph nodes (LNs) of tumor-bearing mice at 
day 14 after treatment with CTX and gavage with 
E. hirae 13144: (fig. S2, C and D). Splenic TMP1 
(but not OVA)-specific (H-2K"/TSLARFANI 
tetramer-positive) CTLs also increased in their 
frequency after gavage with E. hirae IGR11 
(but not 13344 or ATCC9790) (Fig. 1E). The 
H-2K"/TSLARFANI tetramer-positive CTLs 
were specifically enriched in the CXCR3* 
CCR9* fraction of CD8* T cells from sec- 
ondary lymphoid organs (fig. S2C). Even in 
mice colonized with human fecal materials, 
CTX administration and oral gavage with 
E. hirae 13144 induced an anticancer effect (fig. 
S2E) and an expansion of H-2K>/TSLARFANI 
tetramer-positive CTL in tumor-draining LNs 
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at day 7 and in tumor beds at day 17 but were 
not detectable in mesenteric LNs (fig. S2, F 
and H). Hence, immunogenic E. hirae elicits 
an H-2K>-restricted CTL response against the 
TMP-derived peptide TMP1/TSLARFANI. 

To explore the capacity of TMP1-specific 
H-2K°-restricted T cells to control the growth 
of MCA205 cancers, we subcutaneously (sc) 
immunized naive C57BL/6 mice with DCs 
loaded with heat-inactivated E. hirae 13144 
(positive control), the naturally occurring TMP1/ 
TSLARFANI peptide from 13144 and IGRI, 
the L>F mutant from E. hirae ATCC9790 
(mut3) (Fig. 2A and fig. S4A), or other non- 
immunogenic bacterial peptides (group 1 in 
fig. S2B). In this prophylactic setting, DCs 
pulsed with TMP! (but not mut3) were as ef- 
ficient as the whole EF. hirae extract in reducing 
tumor growth (Fig. 2, B and C). Next, we ex- 
plored whether the TMP1 peptide would be 
able to confer immunogenicity to the usually 
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Fig. 2. Prophylactic and therapeutic immunization using phage tail length TMP against murine 
sarcomas. (A) Sequence of the immunogenic epitope TMP1 (TSLARFANI) with the engineered and 
naturally occurring mutations in positions 2 and 3, respectively. (B and C) Prophylactic vaccination: TLR3 
ligand-exposed DCs were pulsed with peptides or heat-inactivated bacteria and then inoculated (sc) 
twice into mice. One month later, MCA205 sarcomas were implanted in the opposite flank, and tumor 
size was monitored [mean + SEM are in (B), individual results are in (C)]. (D and E) Therapeutic 
vaccination: MCA205 tumor-bearing mice were treated with CTX and gavaged with E. hirae 13144 or 
E. coli (as shown in Fig. 1A) that were genetically modified to express the indicated peptides or EGFP as a 
negative control. (D) Tumor size at sacrifice (each dot representing one tumor per mouse) and (E) 
the frequency of H-2K°/TMPI1 tetramer-binding splenic CD8* T cells were monitored (each dot 
representing one flow cytometric staining). Results are shown for 12 to 18 animals, gathered from 

two to three independent experiments. ANOVA statistical analyses (Kruskal-Wallis test) were used: 

*P < 0.05, **P < 0.01. The statistical report is in the supplementary materials. 


Fluckiger et al., Science 369, 936-942 (2020) 


21 August 2020 


inefficient bacterium Escherichia coli strain 
DH5a in the therapeutic setting, in which 
antibiotic treatment is followed by gavage 
with different bacterial strains and CTX- 
based chemotherapy (Fig. 1A) (6). E. coli en- 
gineered to express TMP1 (fig. S5) was as 
efficient as FE. hirae 13144 in restraining 
MCA205 tumor growth (fig. S4B and Fig. 2D) 
and eliciting tetramer-binding CTL in the 
spleen (Fig. 2E). By contrast, FE. coli expressing 
an irrelevant sequence [encoding mouse en- 
hanced green fluorescent protein (EGFP) pro- 
tein], mut3, or mutant TMP1 bearing an SA 
exchange in the anchor position 2 (mut2) (Fig. 
2A) failed to induce such a cancer-protective 
immune response (Fig. 2, D and E). 

To explore the mechanism by which TMP1 
exerts its anticancer activity against MCA205 
tumors in C57BL/6 mice, we investigated 
whether H-2K>-restricted mouse tumor anti- 
gens with high identity to the TMP1 peptide 
(TSLARFAND exist. Using the National Center 
for Biotechnology Information (NCBI) BLASTP 
suite, we found that the peptide (GSLARFRNI) 
belonging to the proteasome subunit beta 
type-4 (PSMB4) located at amino acid po- 
sitions 76 to 84 shared a strong homology 
with TMP! (seven out of nine amino acids 
with identical amino acids at the MHC class I 
anchoring positions 2 and 9) (Fig. 3A). We 
queried for potential neoepitopes of MCA205 
but found no significant homology with TMP1, 
prompting us to focus on the nonmutated 
PSMB4 peptide. Some mouse tumors (such 
as MCA205 sarcomas and TC1 lung cancers) 
overexpress the PSMB4 antigen compared 
with their normal tissues of origin, whereas 
others (such as MC38 colon cancers) failed 
to do so (Fig. 3B). This correlates with the 
fact that MCA205 and TC1 tumors respond 
to the treatment with CTX+E. hirae 13144, 
whereas MC38 tumors do not (fig. S6, A and 
B). PSMB4: is an oncogenic driver involved in 
proliferation and invasion (23) in a variety of 
malignancies such as glioblastoma (24), mel- 
anoma (25), and breast cancers (26), associated 
with poor prognosis (23, 24, 26). CRISPR-Cas9- 
mediated genomic knock-in of the PSMB4 
sequence in MCA205 cells, replacing GSLARFRNI 
by GALARFRNI (with an S—A exchange in 
position 2) or GSFARFRNI (with an L-F 
exchange in position 3 equivalent to mut3 of 
TSLARFANI) (fig. S7) significantly affected 
tumor growth kinetics (fig. S6, C and D), 
suggesting that this PSMB4 epitope con- 
tributes to the oncogenic activity of PSMB4. 
Whereas these knock-in mutations did not 
interfere with the efficacy of CTX treatment 
alone, they substantially blunted the anti- 
cancer effects of E. hirae 13144 (Fig. 3, C and 
D). We extended these findings to a second 
tumor model in which the anticancer effects 
of the combination of CTX+E. hirae 13144 were 
additive even in the absence of antibiotic- 
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Fig. 3. Molecular mimicry between phage tail length TMP and the 
oncogenic PSMB4 epitope in murine tumors. (A) Sequence alignment of the 
enterophage TMP1 peptide and a PSMB4 epitope with its two experimental 
mutants. (B) Relative (Rel.) expression of PSMB4 mRNA in MCA205 sarcoma, 
TC1 lung cancer, and MC38 colon carcinomas as compared with their healthy 
tissue of origin (mean ratio + SEM, n = 3). (© and D) Therapeutic response of 
wild type (WT) versus knock-in mutants of MCA205 to CTX alone or in 
combination with immunogenic E. hirae strain 13144 (as outlined in Fig. 1A). 


induced dysbiosis. Introducing a knock-in 
mutation in position 3 of PSMB4 into TC1 
lung cancer cells again compromised the anti- 
tumor effects of CTX (Fig. 3E). Moreover, in 
the setting of PD-1 blockade, administration 
of EF. hirae 13144 without prior conditioning 
with antibiotics reduced the growth of pa- 
rental but not PSMB4-mutated MCA205 can- 
cers (fig. S6E). These results support the idea 
that the TSLARFANI TMP! peptide encoded 
by E. hirae 13144 induces T cell responses 
against the PSMB4-derived GSLARFRNI pep- 
tide across different tumor types and therapy 
modalities. 
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Reinforcing the notion of molecular mim- 
icry between phage-encoded and cancer antigens, 
flow cytometric analyses using fluorescent- 
labeled tetramers H-2K>/TSLARFANI (from 
TMP1) and H-2K?/GSLARFRNI (from PSMB4) 
identified a subset of double-positive CTLs 
that infiltrate MCA205 tumors from CTX and 
FE. hirae 13144-treated mice (fig. S6F) and 
that was as frequent as CTLs recognizing the 
PSMB4: peptide only (Fig. 4A). We purified 
the splenic CD8* T cells using either the 
TMP1-H-2K?- or PSMB4-H-2K”-specific tet- 
ramers and stimulated them with irrelevant 
(OVA-derived SIINFEKL) versus relevant 
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Results are shown as tumor growth kinetics (mean + SEM) for (C) selected 
MCA205 clones or as (D) individual results (one data point corresponds to one 
mouse) on day 25. (E) Therapeutic response of WT versus mutated TC1 lung 
cancers to CTX alone or in combination with E. hirae 13144 (as outlined in Fig. 1A, 
but without antibiotic preconditioning), reflected by tumor growth kinetics and 
individual tumor sizes at sacrifice. Results are shown as mean + SEM. Mann- 
Whitney test or ANOVA statistical analyses (Kruskal-Wallis test) were used: *P < 
0.05, **P < 0.01. The statistical report is in the supplementary materials. 


(TMP-derived TSLARFANI or PSMB4-derived 
GSLARFRNI) peptides (Fig. 4B). CD8* T cells 
binding H-2K>-TMP1 tetramers produced IFNy 
not only in response to TMP! (up to fivefold 
increase in IFNy-secreting T cells) but also in 
response to the PSMB4 epitope (twofold in- 
crease, aS much as with heat-killed E. hirae 
13144 processed by DCs) (Fig. 4C, fig. S6G). 
Similarly, CD8* T cells binding H-2K>-PSMB4: 
tetramers functionally recognized TMPI, albeit 
less efficiently than the PSMB4 epitope (fig. 
S6G). We analyzed the T cell receptor (TCR) 
repertoire of these two tetramer-reactive 
CD8* T cell subsets. In accordance with the 
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functional data, half of the CDS" T cells labeled 
with PSMB4-H-2K? tetramers shared clono- 
types with the much wider TCR repertoire of 
T cells labeled with the TMP1-H-2K°-specific 
tetramers (Fig. 4D and tables S4 and S5), but 
not with the negative fraction (fig. S6H). There- 
fore, T cells recognizing the TMP1 epitope of 
immunogenic E. hirae can cross-react with a 
peptide contained in the oncogenic driver 
PSMB4 and vice versa. 

Some bacteriophages have the potential to 
transfer immunogenic sequences to other 
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strains in the host ecosystem (20-22). To in- 
vestigate the capacity of the E. hirae 13144 
prophage to lysogenize other bacterial spe- 
cies in vivo, we performed culturomic analy- 
ses of the ileal content from C57BL/6 mice 
subjected to oral gavage with EF. hirae 13144 
and systemic CTX therapy, followed by poly- 
merase chain reaction (PCR) analyses seek- 
ing TMP sequences (fig. $8, A and B). We 
tested 7 to 18 bacterial colonies from each ani- 
mal and a total of 76 colonies. We only found 
lysogenic conversion of Enterococcus gallinarum 
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Fig. 4. Phage tail length TMP cross-reacts with 
the PSMB4 cancer epitope. (A) Flow cytometry 
analysis of CD8* tumor-infiltrating lymphocytes 
(from tumors treated as outlined in Fig. 1A) after 
costaining with two different tetramers (H-2K?/ 
TMP1 and H-2K°/PSMB4, sequences in Fig. 3A). 
Each data point indicates one tumor, and error 
bars indicate SEM. The graphs represent compiled 
results of three independent experiments with 
five mice per group. (B and C) Purified CD3* 

T splenocytes from animals treated with CTX and 
E. hirae 13144 were restimulated ex vivo with 
bone marrow-derived DCs (BM-DC) loaded with 
TMP1 or PSMB4 peptide. One week after 

ex vivo restimulation, peptide-specific CD8* 

T cells were purified after staining with the 
corresponding tetramer to measure IFNy secretion 
in response to DC loaded with peptides (TMP1, 
PSMB4, SIINFEKL as negative control) or heat- 
inactivated E. hirae 13144. These results were 
performed in parallel on the tetramer-binding 
versus nonbinding fraction and were normalized to 
the PBS controls (Ctrl). Each dot represents one 
culture, and error bars represent SEM. Mann- 
Whitney test or ANOVA statistical analyses 
(Kruskal-Wallis test) were used: *P < 0.05, ***P < 
0.001. (D) Venn diagram of TCRa and £ chains 
from tetramer-positive CD8* T cells specific for 
PSMB4 (yellow) or TMP1 (green). (E) Lysogenic 
conversion of E. gallinarum by the E. hirae 
Siphoviridae phage in vivo. lleal content was 
obtained from naive mice or from mice receiving 
E. hirae together with CTX, followed by cultivation 
and isolation of bacterial colonies, MALDI-TOF 
identification, and PCR-based detection of TMP. 
Results are from five mice per group, and 
SEMs within the five ilea are indicated for the 
CTX+E. hirae 13144 group. (F) Transmission 
electron microscopy of the phage produced by 
E. hirae 13144. (G) Kaplan-Meier survival plots of 
76 patients with NSCLC or renal cell cancer 
subjected to PD-1-targeting immunotherapy, 
stratified according to the presence or absence 
of TMP in at least five E. faecalis or E. hirae 
colonies per patient. Univariate log-rank 
(Mantel-Cox) analysis was used. The statistical 
report is in the supplementary materials. 

mOS, mean overall survival; Neg, TMP phage 
negative; Pos, TMP phage positive. 


by the E. hirae—temperate phage in vivo, as 
confirmed by sequencing of the phage ge- 
nome in the second host (Fig. 4E and fig. S8, 
B and C). By contrast, none of the 90 colonies 
(mostly of EF. gallinarum) isolated from naive 
mice harbored the TMP sequence (fig. S8A) 
and table S6. Similarly, in vitro coculture of TMP* 
E. hirae 13144 together with TMP’ EF. gallinarum 
spp. at a 1:1 ratio uncovered a significant (~15%) 
rate of lysogenic conversion (fig. S8D). Exam- 
ination of a preparation admixing FE. hirae 
13144 and E. gallinarum at a 1:10 ratio by 
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means of transmission electron microscopy 
revealed numerous phages with the typical 
Siphoviridae morphology in the medium, 
whereas control cultures (bacteria separately) 
were free of such phages (Fig. 4F). These results 
indicate that the TMP1 peptide-encoding 
Siphoviridae prophage of E. hirae 13144 dis- 
seminates within enterococci. 

We next explored the possible pathophys- 
iological relevance of these findings. We first 
screened a total of 3027 adult and mother- 
infant metagenomes (27), validated by a 
second independent metagenomic assembly- 
based screening of 9428 metagenomes (28), 
to assess the breadth of coverage (BOC) of the 
E. hirae genome and its phages (fig. S9A). 
E. hirae was present with 100% confidence 
(BOC > 80%) in fewer than 150 fecal samples 
from disparate geography, age, and datasets. 
This phage (and its host) can be vertically 
transmitted from mothers to infants and then 
colonizes the neonate. There was an increased 
prevalence of the phage (57%) in fecal micro- 
biomes from children (representing 16% of all 
metagenomes, Fisher’s test P value < 0.00001) 
(table S7). The E. hirae 13144 phage was de- 
tectable in many samples lacking the pres- 
ence of the E. hirae core genome, suggesting 
that other bacteria in addition to EF. hirae can 
host this phage (table $7). All host genomes be- 
longed to the Enterococcus genus (except two 
assigned to Coprobacillus), in particular Enter- 
ococcus faecalis (80 genomes), Enterococcus 
faecium (23 genomes), and E. hirae (15 ge- 
nomes), suggesting that phage 13144 (and 
its homologs from E. hirae 708, and 13344) 
are genus-specific but not species-specific 
(table S8). 

Contrasting with metagenomics that has a 
low sensitivity to detect poor abundance spe- 
cies, culturomics followed by MALDI-TOF 
(matrix-assisted laser desorption ionization 
time-of-flight mass spectrometry) provides a 
technology for detecting rare E. hirae colo- 
nies in the stool of healthy individuals (29) 
or cancer patients (8). PCR analyses of each 
single cultivatable enterococcal colony (up to 
five per species and individual) from 76 can- 
cer patients led to the detection of the TMP 
sequence encompassing the TMP! peptide 
in 34% of the patients, only in EF. faecalis and 
E. hirae (figs. S9B and S10). Advanced renal 
and lung cancer patients [cohort described 
in Ref. (8)] with detectable fecal TMP at di- 
agnosis exhibited prolonged overall survival 
after therapy with immune checkpoint inhib- 
itors targeting PD-1 (Fig. 4G). Therefore, we 
screened 16 TMP-derived nonapeptides pre- 
dicted to bind the human MHC class I human 
leukocyte antigen (HLA)-A*0201 with high 
affinity for their ability to prime naive CD8* 
T cells from six healthy volunteers in vitro. 
We found 6 out of 16 epitopes capable of trig- 
gering significant peptide-specific IFNy release 
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that were located in two distinct regions of the 
TMP protein (504 to 708 and 1397 to 1462) (fig. 
S11, A and B, and table S9). Using the NCBI 
BLASTP suite, we searched the human cancer 
peptidome [of the Cancer Genome Atlas (TCGA) 
database] for a high degree of homology with 
these six HLA-A*0201-restricted immunogenic 
nonapeptides. We found that only the TMP- 
derived peptide KLAKFASVV (amino acids 631 
to 639) shared significant homology (seven out 
of nine amino acids, with identical residues at 
the MHC anchoring positions 2 and 9) with 
a peptide contained in the protein glycerol-3- 
phosphate dehydrogenase 1-like (GPD1-L) 
(fig. S11C). GPD1-L reportedly counteracts 
the oncogenic hypoxia-inducible factor la- 
dependent adaptation to hypoxia, and its 
expression is associated with favorable prog- 
nosis in head and neck squamous cell car- 
cinomas (30-32). The TCGA transcriptomics 
database unveiled that high expression of 
GPD1-L is associated with improved over- 
all survival in lung adenocarcinoma and 
kidney cancers (fig. S11D). Moreover, high 
expression of GPD1-L mRNA by tumors at 
diagnosis was associated with improved 
progression-free survival in three independent 
cohorts of non-small cell lung cancer (NSCLC) 
patients (nm = 157) (table S10) treated with anti- 
PD1 antibodies (fig. S11, E and F). Expression 
of GPD-1L failed to correlate with that of PD- 
L1 in NSCLC (fig. SIG). Mutations in or adjacent 
to the 631 to 639 amino acid sequence of 
GPD-1L gene could rarely be identified in 
several types of neoplasia (fig. S12). 

We derived an HLA-A*0201-restricted, phage 
peptide (KLAKFASVV)-specific T cell line from 
peripheral blood mononuclear cells (PBMCs) 
of a human volunteer. Clones from this line 
also recognized the HLA-A*0201-restricted 
GPD-1L epitope (KLQKFASTV) (fig. S13, A to 
C). Moreover, we detected CD8* T cells bind- 
ing HLA-A*0201/KLAKFASVV tetramers ex- 
hibiting hallmarks of effector functions after 
in vitro stimulation of PBMCs with the 
KLAKFASVV phage epitope in three out of six 
NSCLC patients (fig. S13, D to F). In the reverse 
attempt, searching for molecular mimicry be- 
tween well-known and naturally processed non- 
mutated melanoma differentiation antigens 
recognized by human T cell clones (such as 
HLA-A*0201-binding MART-1 or MELOE 
epitopes) and gut commensal antigens, we 
found microbial analogs in the public micro- 
biome databases (figs. S14 and S15 and tables 
S11 and S13). Some of these microbial peptides 
are recognized by the corresponding TCR 
(tables S11 and S13) with similar affinities 
as the parental (tumoral) epitope. 

Altogether, our results suggest that micro- 
bial genomes code for MHC class I-restricted 
antigens that induce a memory CD8* T cell 
response, which, in turn, cross-reacts with can- 
cer antigens. Several lines of evidence plead in 
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favor of this interpretation, as exemplified for 
the TMP! epitope found in a phage that infects 
enterococci. First, naturally occurring (mut3 in 
E. hirae strain ATCC9790) or artificial muta- 
tions (mut2 or mut3 in E. coli) introduced into 
the TMP1 epitope suppressed the tumor- 
prophylactic and therapeutic potential of 
bacteria expressing TMP1. Second, trans- 
fer of the TMP1-encoding gene into E. coli 
conferred immunogenic capacity to this pro- 
teobacterium, which acquired the same anti- 
tumor properties as TMP1-expressing FE. hirae. 
Third, when cancer cells were genetically 
modified to remove the TMP1-cross-reactive 
peptide in the PSMB4 protein, they formed 
tumors that could no longer be controlled 
upon oral gavage with TMP1-expressing 
E. hirae. Fourth, cancer patients carrying the 
TMP phage sequence in fecal enterococci or 
the GPD1-L tumoral antigen homologous to 
TMP epitopes exhibited a better response to 
PD-1 blockade, suggesting that this type of 
microbe-cancer cross-reactivity might be clin- 
ically relevant. 

Recent reports point to the pathological rel- 
evance of autoantigen-cross-reactive, microbiota- 
derived peptides for autoimmune disorders 
such as myocarditis, lupus, and rheumatoid 
arthritis (15, 33, 34). Given the enormous rich- 
ness of the commensal proteome (35), we ex- 
pect the existence of other microbial antigens 
mimicking auto- and tumor antigens. We have 
extended these findings to naturally processed 
melanoma-specific antigens that have micro- 
bial orthologs recognized by the same TCRs 
(figs. $14 and 15 and tables S10 to S12). Global 
phage numbers have been estimated to reach 
as high as 10” particles with the potential of 
10” phage infections occurring every second 
(36, 37). Thus, the perspective opens that in the 
microbiota, bacteriophages may enrich the 
therapeutic armamentarium for modulating 
the intestinal flora and for stimulating sys- 
temic anticancer immune responses. 
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BTN3AI1 governs antitumor responses by coordinating 


aB and v6 T cells 


Kyle K. Payne’, Jessica A. Mine’, Subir Biswas’, Ricardo A. Chaurio’, Alfredo Perales-Puchalt”, 
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Brooke McLaughlin®, Ugur Eskiocak®, Michael Schmidt®, Juan R. Cubillos-Ruiz’, Paulo C. Rodriguez’, 
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Gamma delta (78) T cells infiltrate most human tumors, but current immunotherapies fail to exploit 
their in situ major histocompatibility complex—independent tumoricidal potential. Activation of 

y6 T cells can be elicited by butyrophilin and butyrophilin-like molecules that are structurally 
similar to the immunosuppressive B7 family members, yet how they regulate and coordinate aP and 
y6 T cell responses remains unknown. Here, we report that the butyrophilin BTN3A1 inhibits 
tumor-reactive af T cell receptor activation by preventing segregation of N-glycosylated CD45 from 
the immune synapse. Notably, CD277-specific antibodies elicit coordinated restoration of af T cell 
effector activity and BTN2A1-dependent 7 lymphocyte cytotoxicity against BTN3A1* cancer cells, 
abrogating malignant progression. Targeting BTN3A1 therefore orchestrates cooperative killing 

of established tumors by af and y6 T cells and may present a treatment strategy for tumors 


resistant to existing immunotherapies. 


he advent of immune checkpoint inhib- 

itors has revolutionized the management 

of certain cancers (J-3). However, most 

solid tumors remain poorly responsive 

to existing immunotherapies, and the 
successes of PD-1-targeting antibodies for 
melanoma and lung cancer are not frequently 
observed in other tumor types. Whereas most 
immunotherapeutic approaches focus on boost- 
ing af T cell responses, other leukocyte sub- 
sets with antitumor potential infiltrate tumor 
beds. In ovarian cancer, a disease resistant to 
single checkpoint blockade, ~6% of hema- 
topoietic cells in solid tumors (>20% of CD3* 
T cells) represent y6 T cells (4), which include 
Vy9V62 lymphocytes, the most abundant yé 
T cells in peripheral blood (5-8). Although 
y6 T cells spontaneously exhibit regulatory 
activity at tumor beds through the production 
of galectin-1 (4), there is a strong rationale for 
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rescuing their antitumor activity in coordina- 
tion with effector af T cells to expand the range 
of immunotherapy-sensitive tumors. 

The extracellular domains of butyrophilin 
(BTN) and butyrophilin-like (BTNL) mole- 
cules are structurally related to the B7 family 
of costimulatory ligands, which includes PD- 
Ll, B7-H3, and B7-H4 (9). Polymorphisms of 
several BTN and BINL molecules are asso- 
ciated with inflammatory diseases (9-11), and 
it has been suggested that the BTN3A family 
of BTNs could modulate antigen-specific a8 
T cell responses, though the mechanism(s) 
is currently unknown (12-15). More recently, 
BTN and BTNL molecules have been found 
to play critical roles in modulating yé T cell 
functions (16, 17), for which concurrent BTN3A1- 
BTN2A1 interactions are essential for T cell 
receptor (TCR)-dependent activation of human 
Vy9V52* T cells (5, 6, 18-20). In vivo, this is 
dependent on the binding of phosphorylated 
metabolites to the B30.2 intracellular domain 
(21, 22). However, these effects can be mimicked 
by stabilizing the extracellular domain of 
BTN3A1 with CD277 (BTN3AI1-3)-specific 
antibodies (23), possibly through multimeri- 
zation of BTN3A1 and conformational changes 
from its spontaneous V-shaped conformation 
(19, 22, 23). 

We hypothesized that the suppressive func- 
tion of BTN3A1 against of T cells occurs only in 
its spontaneous conformation without BTN2A1 
and that antibodies targeting BTN3A1 would 
overcome the suppression of af T cells and 
simultaneously induce y6 T cell antitumor 
cytotoxicity. We report that antibodies against 
CD277 (anti-CD277) transform BTN3A1 from 
an immunosuppressive to an immunostimu- 


21 August 2020 


latory molecule, thus dynamically eliciting 
coordinated of and y6 T cell-driven anti- 
tumor immunity to abrogate the progres- 
sion of established ovarian cancer. 


RESULTS 
BTN3AI is overexpressed in aggressive human 
tumors to suppress T cell activity 


To investigate the potential role of BTN3A1 in 
cancer, we first performed Western blot assays 
using protein lysates from 42 stage III/IV 
human high-grade serous ovarian carcinomas 
(HGSOCs). As shown in Fig. 1A, BTN3A1 is 
heavily overexpressed in malignant tissues, 
compared with benign ovarian tumors and 
normal tissues. Slightly lower amounts of a 
specific (~53-kDa) BTN3A1 band were found 
in four triple-negative breast cancers analyzed 
(Fig. 1B), supporting that BTN3A1 expres- 
sion is not restricted to ovarian malignan- 
cies. Fluorescence-activated cell sorting (FACS) 
analysis of freshly dissociated ovarian and 
breast carcinomas showed that CD277 expres- 
sion was high among myeloid and tumor cells, 
with weaker expression found among lympho- 
cytes (Fig. 1, C and D). Lower CD277 expression 
was retained on peripheral blood mononu- 
clear cells from healthy donors, without differ- 
ences between myeloid cells and lymphocytes 
(fig. S1A). 

Immunohistochemical analysis of 398 addi- 
tional HGSOCs and 19 breast cancers of mixed 
histology confirmed that BTN3A1 is universally 
expressed at tumor beds, where it is commonly 
localized to the membrane and cytoplasm 
within epithelial cells (Fig. 1E and fig. S1B). 
Consistent with its immunosuppressive role, 
higher average BTN3A1 expression in 200 
ovarian cancers with clinical annotations was 
significantly associated with reduced patient 
survival (Fig. 1F). FACs analysis of an addi- 
tional 13 HGSOCs confirmed that Vy9V52 
lymphocytes constituted up to 2.5% of total 
T cells (Fig. 1G), and y6 T cell infiltration was 
associated with improved patient outcome 
(Fig. 1, H and I). 

As predicted from its similarity to other B7 
family members, BTN3A1 retrovirally expressed 
on the surface of major histocompatibility 
complex class I-negative (MHC-T) CD32* K562 
artificial antigen-presenting cells (BTN-K32 
aAPCs) (24) abrogated OKT3-induced activa- 
tion of both CD4* and CD8* of T cells sorted 
from the peripheral blood of multiple donors 
(Fig. 2A). Similarly, HLA-A2-transduced BTN- 
K32 aAPCs pulsed with the NY-ESO-1 peptide 
SLLMWITQC (BTN-K32*”) elicited similar 
blunting on specific TCR-transduced of T cells 
(25) (Fig. 2B and fig. SIC). af T cell suppression 
was independent of y6 T cells (fig. SID) and 
was not due to phenotypic alterations in K562 
cells, because similar inhibitory effects were 
observed using multiple clones of BTN3A1 
mock-transduced aAPCs (fig. SIE). Therefore, 
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Fig. 1. BTN3A1 is abundantly expressed s eS 
in ovarian cancer and is associated with Sf Ss & 5 B TNBC 2 cS 
poor outcome. (A) Relative expression of es & COS & & ——— = a 
BTN3A1 in normal tissue (n = 12 tissue SOX, ESAS __ 2 BTN3A1 
samples), benign ovarian tumors (n = 9), EN a a — s 

and ovarian serous carcinoma (n = 42). Data _ g B-Actin eons) UES OS EE gy tae 
represent means + SEM. (B) Expression of “Aeti — B 

BTN3AL in triple-negative breast cancer P-Actin |r arare 2 

(TNBC; n = 4). (C and D) Expression of 

CD277 within dissociated human HGSOCs ; 

t=) wirbeac carder or nied Cc Ovarian Cancer 15- er D Breast Cancer 

histology (n = 13) (D) of dendritic cells (DCs; 2 S a o 

CD45*CDic*CD11c*MHC-II*Zbtb46*), mac- 2 ee ae 2105 weve s 3 

rophages (Mo; CD45*CD1c CD11c*MHC-II*), 2 a & : 2 

tumor cells (CD45 EpCAM"*), and lympho- 8 ory ae mr 54 3 sik 

cytes (CD45*CD1c CDlcMHC-II") after 2 fa aN i i 9 

normalization against the isotype control. s oO || § ae ee 

Data represent means + SEM. MFI, median adi \ LEW en - SS e 

fluorescence intensity. (E) Representative CD277 in 9 CD277 

eles aaa —Dendritic Cells ——Macrophages ——Lymphocytes ——Tumor Cells ——|sotype 

chemistry. Scale bars represent 200 um. 400 low 
(F) Survival outcome associated with the = Sie 
intensity of BTN3A1 expression within E S75 

ovarian cancer specimens as assessed DB 

by immunohistochemistry of tissue 5 50 N=92 
microarrays corresponding to 200 2 25 = N=108 
independent ovarian cancer patients with (aig rae 


clinical annotations. (G) Frequency of 
HGSOC-infiltrating Vy9V82 T cells among 
total CD3* cells (n = 13). (H) Multiplex 
immunofluorescence detailing the presence 
of y& T cells (red) within HGSOCs. DAPI, 4',6- 
diamidino-2-phenylindole. (1) Survival out- 
come associated with the frequency of yé 

T cells within 65 HGSOCs with clinical 
annotations. Statistical analysis was per- 
formed as follows: for (A), one-way analysis 
of variance (ANOVA); for (F) and (I), 
log-rank (Mantel-Cox) test for survival. 

*P < 0.05; **P < 0.01. 


prognostically relevant BTN3A1 effectively sup- 
press of T cell responses. 


Human anti-CD277 prevent BTN3A1-mediated 
inhibition of T cells while inducing 
T cell activation 


To block the immunosuppressive activity of 
BTNBSAI, a panel of 15 BTN3A1-reactive, full- 
length monoclonal antibodies were obtained 
by screening a combinatorial human library 
expressed in a yeast presentation system (26). 
To avoid cross-linking, antibody-dependent 
T cell cytotoxicity, and complement activation, 
these antibodies were generated on an aglyco- 
sylated human IgG1 backbone (27). Clone 
CTX-2026 was the most effective at restoring 
pMHC TCR (Fig. 2C and fig. SIF) and OKT3 
activation (fig. $1, G and H) of CD4* and CD8* 
af T cells, and this clone advanced as the lead 
compound. As expected, CTX-2026 had no effect 
on T cell proliferation in mock-transduced 
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T cells © 
N 


%VyQV52 


oO 


(BINBAT ) K32 or K32*? aAPCs (fig. $1, G and 
I). In addition, zoledronate treatment, which 
activates Vy9V82T cells (19), and CD277-specific 
Vy9V52-agonistic [clone 20.1 (23)] and antago- 
nistic [clone 103.2 (28)] antibodies restored 
BTN3AI1-dependent af T cell activation (Fig. 
2C and fig. S1J). Accordingly, zoledronate and 
anti-CD277 also enhanced antigen-specific killing 
of NY-ESO-1-transduced, HLA-A2*BTN3A1* 
OVCAR3 cells (NY-OVCAR3) (Fig. 2D and fig. 
S1K) and heightened cytotoxic elimination 
of BTN3A1* primary cancer cells from three 
HGSOCs by autologous tumor-infiltrating lym- 
phocytes (Fig. 2E and fig. SIL). 

To gain insights into the mechanism of 
CTX-2026 action, we determined the crystal 
structure of the CTX-2026:BTN3A1 complex 
(fig. S2A). Notably, the F(ab) binds to the IgV 
domain of CD277 with a stoichiometry of 1:1. 
All three CDR loops of the heavy chain are 
involved in the paratope, with a minimal 
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contribution from CDRL2 (Fig. 2F). We 
superimposed this complex with the 20.1: 
CD277 complex (PDB 4F9L) to gain insight 
into the relative binding position of 20.1 and 
CTX-2026 (fig. S2B). Epitope evaluation of 
CTX-2026 further revealed partial spatial and 
sequential overlap with clone 20.1 (Fig. 2F, fig. 
S2C, and files S1 and S2). Accordingly, in vitro, 
CTX-2026 (but not 103.2) redirected the cyto- 
toxic activity of Vy9V52 T cells from multiple 
donors against BTN3A1* OVCAR3 cells (Fig. 
2G) or primary HGSOC cells (Fig. 2H and fig. 
S3A) with the same efficacy as clone 20.1 or 
zoledronate. 

In support of other recent reports (19, 20), 
CRISPR-mediated ablation of BIN2A/ in BIN-K32 
aAPCs (Fig. 2I and fig. S3B) abrogated antibody- 
and zoledronate-dependent interferon-y (IFN-y) 
production by Vy9V62 T cells (Fig. 2J). However, 
BTN2A1-ablated BTIN-K32 aAPCs maintained 
their ability to suppress of T cell activation 
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Fig. 2. BTN3A1-specific antibodies relieve af T cell inhibition and activate 
Vy9V82 T cells. (A) Proliferation and IFN-y release of CD4* and CD8* T cells 
cultured with OKT3-loaded (500 ng/ml) BIN3A1-K32 or mock-K32 cells at a 10:1 af 
T cell:K32 ratio after 6 days. (B) Proliferation and IFN-y release of NY-ESO-1 TCR* 
T cells cultured with HLA-A2* BTN3A1-K32 cells, or HLA-A2* mock-K32 cells, loaded 
with 1 uM SLLMWITQV peptide at a 10:1 T cell:K32 ratio after 6 days. (C) 
Proliferation and IFN-y release after 6 days of NY-ESO-1 TCR* T cells cultured at a 
10:1 T cell:K32 ratio with HLA-A2* BTN3A1-K32 cells previously treated, or not, with 
zoledronate (Zol; 1 uM), loaded with 1 uM SLLMWITQV peptide, and preincubated 
with 1 ug/ml isotype control or anti-CD277 (CTX-2026, 20.1, or 103.2). (D) Specific 
killing of NY-ESO-1 TCR* T cells cocultured with OVCAR3““ cells pretreated 

with 1 uM zoledronate, or not, and preincubated with 1 ug/ml isotype control or anti- 
CD277 (CTX-2026, 20.1, or 103.2) at a 10:1 af T cell:target cell ratio for 6 hours. 
Data are presented as the fold change relative to isotype control. (E) Cytotoxicity of 
immunopurified tumor-infiltrating CD3* of T cells from three HGSOC samples 
after coculturing with matched tumor cells pretreated with 1 uM zoledronate, or not, 
and preincubated with 1 ug/ml isotype control or anti-CD277 (CTX-2026, 20.1, or 
103.2) at a 5:1 af T cell:target cell ratio for 12 hours. (F, left) Crystal structure of the 
CTX-2026 interaction with CD277 homodimer in space-fill and ribbon diagram. 
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(Middle and right) Interface highlighting hydrogen bonds between CD277 and 
CDRH2, CDRH3, and CDRL2 of CTX-2026 (middle) or CDRH1 of CTX-2026 (right). 
(Bottom) Epitopes of CTX-2026 and 20.1 are shown, with common residues 
highlighted in red (bottom). (G) Similar to the experiment shown in (D), except 
immunopurified y& T cells were used at a 5:1 yé T cell:target cell ratio for 24 hours. 
(H) Similar to the experiment in (E), except immunopurified yé T cells were used 
at a 5:1 y6 T cell:target cell ratio for 24 hours. (I) Relative quantity of BTNZA1 mRNA in 
BTN-K32 cells electroporated with CRISPR RNA targeting BTN2AI, or not. (J) IFN-y 
release from immunopurified yS T cells cocultured with BTN3A1-K32 cells, or 
BTN3A1-K322™N2At ablated Celis previously treated, or not, with zoledronate (1 uM) 
and preincubated with 1 ug/ml isotype control or anti-CD277 (CTX-2026, 20.1, or 
103.2) at a 5:1 y8 T cell:K32 ratio after 72 hours. (K) Proliferation and IFN-y release of 
immunopurified a T cells cultured with OKT3-loaded (500 ng/ml) BIN3A1-K32 
or BTN3A1-K328"N2Arablated cells at a 10:1 af T cell:K32 ratio after 6 days. For 

all histogram panels, data are representative of three independent experiments with 
similar results, and data represent means + SEM. Statistical analysis was performed 
as follows: for (B) and (I), two-tailed Student's t test; for (A), (J), and (K), two-way 
analysis of variance (ANOVA); for (C), (D), (E), (G), (H), and (K), one-way ANOVA. 

ns, not significant; *P < 0.05; **P < 0.01; ***P < 0,001. 
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Fig. 3. BTN3A1 interacts 
with the CD45 phospha- 
tase, blunting proximal 
Tcell signaling. (A) Binding 
of BTN3A1-Fc to the surface 
of primary human T cells 
(left); immunoblot of purified 
aB T cells after TCR cross- 
linking by plate-bound OKT3 
in the presence of BTN3A1- 
Fe or control immuno- 
globulin G (IgG)-Fe proteins 
(all at 10 ug/ml) for 1 min 
(right). (B) LC-MS/MS 
readout of BTN3A1-specific 
pulldowns after incubation 
with activated a T cells. 
(C) Binding of BTN3A1-Fc to 
the surface of CD45” Jurkat 
cells or CD45" Jurkat cells 
with rescued expression of 
CD45RA or CD45RO. (D) In 
situ proximity ligation far red 
median fluorescence 
between BTN3A1 and CD45, 
single-stained controls, or 
detection probes alone 
(S. Ab), using purified primary 
T cells. (E) Immunoblot of 
CD45 after primary T cells 
were coated with either 
BTN3A1-Fc or PD-L1-Fe 

(10 pg/ml), lysed, and Fe 
protein immunopurification 
(IP). (F) Absorbance at 

450 nm after immobilized 
BTN3AI proteins (10 g/ml) 
were incubated with CD45RA 
or CD45RO proteins 
(20 ug/ml) and CD45RA and 
CD45RO detection antibodies 
(20 g/ml), or after incubation 
of CD45RA or CD45RO pro- 
teins (10 pg/ml) and CD45RA 
and CD45RO detection anti- 
bodies (20 ug/ml) without 
BTN3AI immobilization (S.Ab). 
(G) Similar to the experiment 
shown in (F), except only the 
IgV domain of BTN3A1 was 
immobilized. (H) Proliferation 


ak 


Ae 
Re 
ve 
A eo B c Dy 
a — Isotype a a Protein Fold Change/Control-Fc © | S 
3 BIN3A1-Fe °° a Donor 1 Donor 2 s e754 
2 {| PTPRC (CD45) 2.70 3.43 2 CD45RA § 
3 C247 (CD3C 464 2.65 3 & 61. 
8 "**Zap70| a rik : am 375 | S/n ee 
£ tia —_ | : - s i \ CD45ebHted 
E ap HLA Class I(Tcell)| 2.39 1.1585 —e|//\\ Sas 
Zz ses — CD3: 9.0865 3636 =| 2 / \ Isotype] S| 
PTPN6 2.73e5 37.99 BTN3A1 binding Ro) No 
BTN3A1 binding "C3 (a mm F STG 
E F 06, tt G a H £045: Primary T cells ao, eo 
N = ecp4sro 7s!” o| ger 8s | 
Revs § eoicen “eos @CD45RO BSB ene erO76 < 
Ss & S04 mcD45 a mCD45RA = S| K328™ CTx-2026 270 PP 
oY o = 
ied fem & g 2 
= fe £02 = s a60-| 
s : “ 
© tn <7 fe} 
— Zz 
ae FP © 3 
xs SS FOLD pO 
; ee Oe Cell Trace Violet fe we a 
3 
‘ablated 7 & 
c.CD3 + ControbFc c.CD3 + BINSA1-Fc ee ee 
a TK32Ne% CTX-2026 
& |= K320m0% Crx-202 s, ¢ 4 
2 ® 
3 £ 
g Loo 
oO jal 
5 J | ae 
: LON 
504 
GO! Xo "OS d% 
BY SGP 
Cell Trace Violet x Re ae 
oy 
Rt 
J Jurkat CD45ROe® +e Oe 
Rs 2 Soal —< Jurkat?" PNGase F Jurkat?" tunicamycin 
oF 3 x } ' 
& < = - 3 3 I 
= a =| / = Vehicle 
py I 2 2 
rv394] CK 3 B na Vehicle 3 
s 504 g aS fi {pg/mL 
i= 4 ow oO 
Totall| CK 6| |, i = I NGase F| £ | 10ug/mL 
2) J! \ sotye | Soo. hae A St) 
"BIN3A1 binding & _lsotype | . a SOE 
= gs & BTNSAT binding BTN3A1 binding 
SP x 
@ CD45RO°°s"v¢ 
N CD45 mutants 0 0,25 BH CD45RADeave P Q Mannan = 
2 3 18, 2 
o 
s 8 a0 pY3%4t CK n=] s 
= g = Vehicle] 3 
= 0.15 < 
= oO fe} 0.8 
g 3 Am Maher 8 
= = 0.10 eg 3 
2 8 ns # aK 10ugimL| S06 
§ 8 005 EL JAN _t0ougimt| © 
2 8 | I \ 504 
0.00 : Isotype 3 
SAS oor BIN3A1 binding = 
Se a <a 


Vehicle PNGase F 


of CD45* and CD45-ablated primary a T cells cultured with BTN3A1-K32 cells or mock-K32 cells in the presence or absence of 1 ug/ml CTX-2026 or isotype control for 6 days. 
(I, left) Segregation of CD45 from CD3¢ in the presence of control-Fe or BIN3A1-Fc proteins (10 ug/ml) after TCR cross-linking in the presence of plate-bound OKT3 (10 ug/ml) 
for 3 min. (Right) Cumulative quantification of CD3¢ and CD45 colocalization in the presence of BTN3A1-Fc or control-Fc proteins is shown from five fields per condition 


with ~120 cells per field. Scale bars represent 2 um. (J) Immunoblot of CD45~ Jurkat cells expressing CD45RO"*® after TCR cross-linking by plate-bound OKT3 in the 


presence 


of BTN3A1-Fc or control IgG-Fc proteins (all at 10 pg/ml) for 1 min. (K) Binding (left) and median fluorescence (right) of BTN3A1-Fc proteins after primary T cells were treated 
overnight with 100 U/ml of PNGase F or vehicle. (L) Binding of BTN3A1-Fc proteins to CD45* Jurkat cells after treatment overnight with 100 U/ml PNGase F or vehicle. 
(M) Binding of BTN3A1-Fc proteins to CD45* Jurkat cells after treatment with the indicated concentrations of tunicamycin, or vehicle, for 72 hours. (N) Binding of BTN3A1-Fc 


proteins to CD45” Jurkat cells or CD45” Jurkat cells expressing CD45RO, CD45RO"~°, or CD45RO*""". (Q) Absorbance measurements, similar to those for 
(F), except N-linked glycans were removed from both CD45RA and CD45RO prior to the assay by overnight treatment with PNGase F. (P) Immunoblot 
shown in (A), except a portion of the primary T cells was treated with PNGase F overnight (100 U/ml) before the assay. (Q) Binding (left) and median 


experiment shown in 
assay similar to that 


the 


fluorescence (right) of BTN3A1-Fc proteins after primary T cells were preincubated with increasing concentrations of mannan polysaccharides or vehicle. For all histogram panels, 
data are representative of three independent experiments with similar results and represent means + SEM. Statistical analysis was performed as follows: for (I), two-tailed 


Student's t test; for 
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F), (G), and (0), two-way ANOVA; for (D), (H), (K), and (Q), one-way ANOVA. ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001. 
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Fig. 4. Targeting CD277 
in vivo rescues anti- 
gen-specific af T cell 
responses and 
leverages the cytotoxic 
potential of yé T cells. 
(A) Experimental 
schema. (B, left) Pro- 
gression of NY-OVCAR3 
tumors in NSG mice 
treated with 1.5 x 10° 
NY-ESO-1-TCR-trans- 
duced of T cells and 
treated every third day 
with zoledronate (Zol: 
0.05 mg/kg; intra- 
peritoneally (ip)] or CTX- 
2026, 20.1, or control IgG 
(5 mg/kg; ip). (Right) 
Quantification of tumor 
weight from each group 
after 15 days. Data rep- 
resent means + SEM with 
five mice per treatment 
group, representative of 
three independent 
experiments with similar 
results. (€) Absolute 
number of GFP* CD8* af 
T cells within NY- 
OVCAR3 tumors treated 
with zoledronate, CTX- 
2026, 20.1, or control 
IgG. (D) Progression of 
NY-OVCAR3 tumors in 
NSG mice treated with 
NY-ESO-1-TCR of T cells 
and thennivolumab, CTX- 
2026, or control IgG 
every third day (5 mg/kg: 
ip). Data represent 
means + SEM with five 
mice per treatment 
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group, representative of three independent experiments with similar results. (E) Progression of NY-OVCAR3 tumors in NSG mice treated with CTX-2026 or 
treated with 3 x 10° purified y& T cells and then CTX-2026 or control IgG every third day. Data represent means + SEM with three mice per treatment group, 
representative of three independent experiments with similar results. (F) Absolute number of yé T cells within NY-OVCAR3 tumors treated with CTX-2026, 
20.1, or control IgG. (G) Progression of NY-OVCAR3 tumors in NSG mice treated with purified yS T cells and CTX-2026 or control IgG, a8 T cells with CTX-2026 or 
control IgG, or the combination of antigen-specific a T cells and autologous yé6 T cells (ratio of 6:1) with CTX-2026 or control IgG. Data represent means + SEM with 
three mice per treatment group, representative of three independent experiments with similar results. (H) Representative formation of cystic cavities 

in NY-OVCAR3 tumors treated with the combination of antigen (Ag)-specific of T cells, yé T cells, and CTX-2026. Scale bars represent 3 mm. Statistical 
analysis was performed as follows: for (B) (left), (D), (E), (F), and (G), two-tailed Student's t tests; for (B) (right) and (C), one-way ANOVA. *P < 0.05; 


**P <0.01; ***P < 0.001. 


(Fig. 2K and fig. S3C), suggesting that the 
switch between the of-immunosuppressive 
and Vy9V62-immunostimulatory activities of 
BTN3AI is regulated by BTN2A1 signaling. 


BTN3A1 suppresses T cells by preventing the 
segregation of CD45 from the immune synapse 


To elucidate the mechanism by which BTN3A1 
inhibits af T cell activity, we confirmed that 


upon TCR activation, homodimeric BTN3A1- 
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Fc binding (fig. S3D) to the surface of activated 
primary T cells blunts the phosphorylation 
of TCR proximal signaling molecules, as at 
activating residues in LCK’***, Zap70%*", and 
CD3c’™ (Fig. 3A). We excluded binding to 
potential immunosuppressive receptors by com- 
paring the binding of recombinant GPRI174, 
NRPI, and NRP2 Fc proteins to BTN-K32 with 
that of mock-transduced aAPCs (fig. S3E). We 
next used BTN3AI-Fc proteins to coimmuno- 
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precipitate the binding partner(s) of BTN3A1 
on OKT3-activated primary of T cells from 
multiple donors. In three independent expe- 
riments, liquid chromatography-tandem mass 
spectrometry (LC-MS/MS) showed BTN3A1 
coimmunoprecipitated with a complex that 
consistently included only four T cell proteins 
with an extracellular domain—CD3e, CD3C, 
HLA-A, and the phosphatase CD45—and also 
the intracellular TCR signaling protein LCK 
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Fig. 5. Targeting BTN3A1 results in sponta- . 
neous antitumor immunity in BTN3A1"¢ . 2 CDitc" BMDCs 
mice. (A) Schematic of the CD11c-BTN3A1 s 

construct. (B) BTN3A1 expression on BMDCs = 

generated from wild-type (WT) C56/BL6 mice ES 

or BTN3A1*! mice. (C and D) Proliferation of pron fe \ 
OT-I T cells in the presence of WT-derived or S 
BTN3A1‘'-derived BMDCs previously pulsed = BTN3At 
with 1 nM SIINFEKL peptide (C) and in the 

presence of CTX-2026 antibody (D) after 

72 hours. (E) Survival of BTN3A1"' mice bearing E 10 

ID8-Defb29-Vegf-a peritoneal tumors treated = == Ope 

every 5 days with zoledronate (Zol; n = 5: ‘s7 —Zoledronate 

0.05 mg/kg; ip), or CTX-2026 (n = 5; 5 mg/kg; a —CTX-2026 

ip), 20.1 (n = 5; 5 mg/kg: ip), or control IgG = 9941 

(n = 5; 5 mg/kg; ip), beginning 7 days after 52 


tumor challenge. (F) Frequency of CD8* 

T cells among total CD3* T cells in the ascites 
fluid of BTN3A1“' mice bearing ID8-Defb29- 
Vegf-a peritoneal tumors treated as described 
for (E). (G) ELISpot readout comparing IFN-y 
release from CD8* T cells isolated from 
BTN3A1“ mice bearing ID8-Defb29-Vegt-a 
peritoneal tumors at day 25, treated as for 
(E). (H) Frequency of y8 TCR* T cells among 
total CD3* T cells in the ascites fluid of 
BTN3A1"' mice, or WT C57/BI6 mice, bearing 
ID8-Defb29-Vegf-a peritoneal tumors and as 
treated as for (E). Data represent means + 
SEM of two independent experiments per- 
formed with five replicates each. (I) Survival 
of BTN3A1"' mice bearing ID8-Defb29-Vegt-a 
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peritoneal tumors treated every 5 days with PD-1 neutralizing antibody (n = 8; 5 mg/kg; ip), CTX-2026 (n = 8; 5 mg/kg; ip), or irrelevant IgG (n = 8; 5 mg/kg; ip), 
beginning 7 days after tumor challenge. For (F) and (G), data are representative of three independent experiments with similar results. Statistical analysis was 
performed as follows: for (D) and (E), log-rank (Mantel-Cox) test for survival: for (F), two-tailed Student's t test; for (G) and (H), one-way ANOVA. *P < 0.05; 


**P < 0.01; ***P < 0.001. 


and the phosphatase PTPN6 (SHP-1) (Fig. 3B 
and file S3). CD45 similarly consistently 
coimmunoprecipitated with BTN3A1 from 
nonactivated primary of T cells and CD45* 
Jurkat cells (fig. S3F and file S4). By contrast, 
BTN3AI1 did not reproducibly coimmunopre- 
cipitate with other heavily glycosylated or 
abundant surface molecules, including CD44, 
CD5, or CD2. Accordingly, BTN3A1-Fc proteins 
bound to CD45* Jurkat cells but not to CD45- 
ablated Jurkat cells (fig. S3G), whereas ectopic 
expression of CD45RA or CD45RO (fig. S3H) 
rescued BTN3A1-Fc binding (Fig. 3C and fig. 
S31). Furthermore, in situ proximity ligation 
confirmed CD45-BTN3A1 interactions within 
<30 to 40 nm on the T cell surface (Fig. 3D and 
fig. S3J), whereas BIN3AI1-Fc proteins (but not 
control PD-L1-Fc) pulled down CD45 from 
activated aB T cells (Fig. 3E). Although both 
CD45RA and CD45RO were found to directly 
bind to immobilized BTN3AI1 proteins, binding 
to CD45RO was significantly stronger (Fig. 
3F). Notably, the extracellular IgV domain of 
BTINBSAI was sufficient to engage both iso- 
forms (Fig. 3G). 
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CD45-BTN3A1 interactions specifically drive 
af T cell suppression, because CRISPR abla- 
tion of PTPRC in primary of T cells (fig. S3K) 
abrogated both the inhibitory effect of BTN3A1 
and the rescuing effect of CTX-2026, whereas 
nonablated CD45" T cells in the same cultures 
were effectively suppressed and rescued (Fig. 
3H and fig. S3L). 

Given these findings, we hypothesized that 
BTN3A1 might disrupt TCR triggering by 
preventing the segregation of CD45 from the 
immune synapse. To test this, a CD3¢-green 
fluorescent protein (GFP) fusion protein was 
generated and was used to monitor the degree 
of CD3C-CD45 colocalization after OKT3-induced 
TCR triggering in the presence of BIN3A1-Fc 
versus control-Fc. As predicted, CD45 segregated 
from CD3¢ after TCR activation in the presence 
of control-Fc (Fig. 31). In contrast, the presence 
of BIN3A1 impeded the segregation of CD45 
from CD3¢ in multiple independent experiments 
with different donors, further supporting that 
BTNS8A1 abrogates af T cell responses by ef- 
fectively dismantling the immune synapse (Fig. 
31 and fig. S4). We observed that of T cells 
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activated in the presence of BTN3A1-Fc proteins 
(but not PD-L1-Fc) generated CD45-specific 
peptides approximately double the predicted 
size of monomeric CD45 under nonreducing 
conditions (fig. S5A and file S5), which are 
indicative of inhibitory CD45 dimerization 
(29). However, whereas CD45” Jurkat cells 
were not sensitive to BTIN3A1 suppression at 
TCR-proximal residues as expected (fig. S5B), 
CD45" Jurkat cells expressing CD45RO with 
an inactivating mutation in the cytoplasmic 
inhibitory wedge (CD45RO"°*®) remained 
sensitive to BIN3A1 inhibition at Y°°*LCK, 
which is consistent with localized CD45 within 
the immune synapse inhibiting pMHC-TCR 
ligation independent of its protein tyrosine 
phosphatase potential (Fig. 3J). 


BTN3AI binds to N-mannosylated residues 
in CD45 


To elucidate how BTNSAI binds to different 
isoforms of CD45, we focused on its heavily N- 
glycosylated residues (30). Peptide N-glycosylase 
(PNGase) F-treated (N-deglycosylated) primary 
T cells (Fig. 3K), CD45* Jurkat cells (Fig. 3L 
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and fig. S5C), and CD45” Jurkat cells with 
ectopic expression of CD45RA and CD45RO 
(fig. S5, D and E) all showed significantly re- 
duced binding to BIN3AI-Fc proteins, whereas 
surface level expression of CD45 remained 
intact (fig. $5, C and F). Similar results were 
obtained using the N-glycan inhibitor tu- 
nicamycin (Fig. 3M and fig. S5G), although 
conservative replacement of asparagine with as- 
partic acid in the extracellular domain of CD45RA 
also abrogated BIN3A1-Fc-Jurkat cell inter- 
actions (Fig. 3N and fig. S5H); these results are 
all indicative of an N-glycosylation-dependent 
mechanism. Accordingly, N-deglycosylation by 
PNGase F or tunicamycin decreased CD45 coim- 
munoprecipitated with BTN3A1-Fc from acti- 
vated af T cells (fig. S5I), whereas N-deglycosylation 
of either CD45RO or CD45RA by PNGase F 
abrogated their binding to immobilized BTN3A1 
proteins (Fig. 30) and treatment of primary a8 
T cells with PNGase F abrogated the ability of 
BTNBAI to blunt TCR proximal signaling in 
primary T cells (Fig. 3P). Corresponding re- 
sults were observed using CD45" Jurkat cells 
transduced or not with CD45RO and CD45RA 
(fig. S5B). However, PNGase F-mediated de- 
glycosylation of BTN3A1-Fc did not abrogate 
binding to CD45RO (fig. S5J), indicating BTN3A1- 
specific N-glycan recognition. 

CD45 mutants expressing only the membrane- 
proximal fibronectin domains in CD45" Jurkat 
cells restored BTN3A1-Fc binding to an even 
greater extent than expression of CD45RA (Fig. 
3N), suggesting increased accessibility to prox- 
imal N-mannosylated oligosaccharides (30). 
Accordingly, mannan polysaccharides inhib- 
ited binding of BTN3A1-Fc proteins to af T cells 
in a dose-dependent manner (Fig. 3Q). Collec- 
tively, these data suggest that BIN3A1 recog- 
nizes N-mannosylated oligosaccharides within 
the membrane-proximal domains of CD45, 
which anchors dimeric CD45 near the TCR and 
blunts effective TCR signaling, possibly by phys- 
ically blocking pMHC-TCR ligation (37-34). 


Anti-BTN3A1 elicit coordinated and T cell 
responses to impede growth of established 
human ovarian tumors in vivo 


To assess the potential of targeting BTN3A1 by 
utilizing CTX-2026 to rescue human a T cell 
responses against advanced tumors in vivo, we 
implemented the NY-OVCAR3/af NY-ESO-1- 
specific TCR T cell system (25) (Fig. 4A and fig. 
SI, C and K). Adoptive transfer of these (y5 
T cell-free) SELMWITQC-reactive af T cells had 
only modest effects in preventing the growth of 
established (75 to 250 mm?) NY-OVCAR3 
tumors compared to mock-transduced T cells 
(fig. S6A). In contrast, BTN3A1 blockade with 
CTX-2026 antibodies delayed malignant pro- 
gression from nine different donors (in 10 inde- 
pendent experiments) and was more effective 
than zoledronate and 20.1 (Fig. 4B and fig. S6, 
B and C). Superior therapeutic effects elicited 


Payne et al., Science 369, 942-949 (2020) 


by CTX-2026 were associated with significant 
increases in the accumulation of intratumoral 
antigen-reactive CD8* T cells, compared with 
control IgG-treated mice (Fig. 4C). CTX-2026 
was more effective than the anti-PD-1 antibody 
nivolumab when combined with tumor-reactive 
T cells (Fig. 4D and fig. S6D), despite PD-L1 up- 
regulation by NY-OVCAR3 tumor cells in vivo 
(fig. S6E). Of note, tumors in all experiments 
were allowed to grow for at least 15 days and 
were treated with a single T cell injection, with 
significant growth delays for tumors as large 
as 300 mm? at the time of adoptive transfer 
(Fig. 4A and fig. S4, A and B). 

Notably, the protective effects of CTX-2026 
in vivo were not restricted to tumor-reactive 
af T cells, because yé T cells from eight dif- 
ferent donors also elicited tumor growth reduc- 
tion, albeit only in combination with CTX-2026 
antibodies (Fig. 4E and fig. S6F). Accordingly, 
BTN3A1 targeting resulted in a greater accumu- 
lation of Vy9 T cells within tumor beds (Fig. 4F). 
However, maximal antitumor responsiveness 
against established tumors was only achieved 
upon coadministration of y6 and tumor-specific 
af T cells into NY-OVCAR3 tumor-bearing NSG 
mice in combination with CTX-2026 adminis- 
tration (Fig. 4G and fig. S6G) and was superior 
to zoledronate treatment (fig. S6H). This treat- 
ment provoked the formation of cystic cavities 
within the tumor (Fig. 4H), which indicate par- 
tial tumor rejection. Thus, targeting BTN3A1 
orchestrates coordinated responses between 
tumor-reactive of T cells rescued from BTN3A1- 
mediated immunosuppression and cytotoxic 
Vy9V62 T cells that are redirected to kill 
BTN3AI* tumors. 


Preexisting antitumor immune responses 
in immunocompetent hosts are restored 
by anti-CD277 


To confirm the antitumor effectiveness of 
blocking BTN3A1 in myeloid cells in immuno- 
competent hosts, we engineered a knock-in 
mouse expressing human BTN3AI under the 
control of the mouse /tgax/CdlIc promoter 
(BTN3A1*) (Fig. 5A). As expected, CD11c* bone 
marrow-derived dendritic cells (BMDCs) from 
BIN3A1™ mice expressed human BTN3A1 on 
the cell surface (Fig. 5B). Equally important, 
activation of murine T cells in the presence of 
BINS3A1-Fc fusion proteins decreased IFN-y re- 
lease compared with controls (fig. S7A), whereas 
proliferation of OT-I T cells in response to 
SIINFEKL-pulsed CD11c*BTN3A1* BMDCs 
was significantly lower than in response to 
BTN3Al1 BMDCs from littermates (Fig. 5C 
and fig. S7B). Thus, although mouse CD45 has 
a somewhat different pattern of glycosylation 
near the N terminus, human BTN3A1 can also 
functionally suppress mouse af T cells. Accord- 
ingly, treatment with anti-CD277 CTX-2026 
also blocked human BTN3A1-mediated suppres- 
sion of mouse af T cells (Fig. 5D and fig. S7C). 
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To test the role of BIN3A1 in an immuno- 
competent syngeneic ovarian cancer model, 
BIN3A1™ mice were challenged intraperitoneally 
with orthotopic ID8-Defb29/Vegf-a tumors, 
an aggressive model that responds to check- 
point inhibitors (35) and provokes the accu- 
mulation of tumor-promoting CD11c* myeloid 
cells (36). Predictably, compared with control 
littermates, BTN3A1™! recipients accumulated 
BINSAI" dendritic cells in the ascites fluid 
(fig. S7D) and showed accelerated malignant 
progression (fig. S7E). Targeting tumor-bearing 
BIN3A1™ recipient mice with zoledronate ex- 
tended their survival, but to a lesser extent 
than treatment with CTX-2026 and 20.1 anti- 
bodies (Fig. 5E), with corresponding differences 
in intratumoral CD8* T cell accumulation (Fig. 
5F). Consequently, the frequencies of peritoneal 
T cells responding to cognate tumor antigen 
in IFN-y enzyme-linked immunosorbent spot 
(ELISpot) analyses were increased by all BIN3AI- 
targeting therapeutics, with the highest read- 
out for CTX-2026 (Fig. 5G). Murine y6 T cells 
accumulated in the ascites fluid of BTN3A1™" 
tumor-bearing mice in a CTX-2026-dependent 
manner (Fig. 5H). As in our humanized model, 
targeting BTN3A1 was demonstrably more 
effective in delaying malignant progression 
than neutralizing the PD-L1/PD-1 checkpoint 
(Fig. 51). Thus, targeting of BTN3A1 overcomes 
the highly immunosuppressive microenviron- 
ment of ovarian cancer, a disease that, thus 
far, has been resistant to existing checkpoint 
inhibitors. 


DISCUSSION 


We report that targeting BIN3A1 with certain 
human antibodies is sufficient to elicit co- 
ordinated a8 and y6 T cell antitumor responses 
against established tumors, and we have dem- 
onstrated that BTN3A1 targeting in vali- 
dated orthotopic xenograft and syngeneic 
models of ovarian cancer is superior to PD-1 
checkpoint therapy. Most human malignan- 
cies remain resistant to existing checkpoint 
inhibitors, which are aimed to rescue of T cell 
responses. Yet, yd T cells also infiltrate multi- 
ple human cancers, where they primarily play 
regulatory roles (4, 37). Engaging the coopera- 
tion of these two T cell subsets could therefore 
extend the range of cancer patients benefiting 
from immunotherapy. In addition, BTN3A1 
targeting was more effective than PD-1 neu- 
tralization in of T cells in our PD-L1* human- 
ized systems, and it is possible that anti-CD277 
also block of T cell inhibition by the nearly 
identical BTN3A2 and BTN3A3. Because y6 
T cells also express PD-1, it will be interesting 
to determine whether coordinated action also 
takes place in patients that respond to checkpoint 
inhibitors. Nevertheless, unlike PD-L1, BTN3A1 
does not require a specific receptor to mediate 
its immunosuppressive activity. Rather, BTIN3A1, 
independently of BIN2A1, inhibits of T cells 
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by binding to N-mannosylated residues in 
human CD45, preventing its segregation from 
the immune synapse and promoting its dimer- 
ization, and thus abrogating effective TCR 
activation. At least in ovarian cancer, BTN3A 
overexpression in myeloid and tumor cells is 
associated with accelerated malignant progres- 
sion; thus, it is possible that BTN3A1 targeting 
might be combined with other checkpoint inhib- 
itors to enhance immunotherapeutic responses. 
An interesting finding in our study is that 
both phosphometabolites and CTX-2026 anti- 
bodies transform BTN3A1 from an immuno- 
suppressive to an immunostimulatory mediator. 
Recent work showed that phosphometabolite- 
driven cosignaling by BTN3A1 and BTN2A1 
promotes Vy9V82 activation, whereas BTN2A1 
is also required for the agonistic activity of 
antibody 20.1 (79). The structure of CTX-2026 
bound to BTN3A1 is similar to that of mouse 
scFv 20.1:BTN3A complexes (23), in which both 
antibodies partially share an overlapping epi- 
tope. This supports the results of Adams and 
colleagues that agonistic antibodies modify the 
extracellular domains of BTN3A molecules, 
mimicking the effect of phosphoantigens (23). 
It is tempting to speculate that antibody- 
phosphoantigen-induced clustering separates 
BTN3A1 from MHC:antigen complexes, allow- 
ing robust engagement with specific af TCRs. 
However, BTN2A1 is essential for antibody- 
driven switching of BTIN3A1 from an immuno- 
suppressive to immunostimulatory action, 
suggesting that CD277 clustering could release 
a BIN2A1 partner additionally required for 
Vy9V682 activation. Perhaps these mechanisms 
might be effectively elicited in vivo and in situ 
at tumor beds as an anticancer intervention. 
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LIQUID CRYSTALS 


Shaping colloidal bananas to reveal biaxial, 
splay-bend nematic, and smectic phases 


Carla Fernandez-Rico’, Massimiliano Chiappini2, Taiki Yanagishima’, Heidi de Sousa’, 
Dirk G. A. L. Aarts!, Marjolein Dijkstra’, Roel P. A. Dullens'* 


Understanding the impact of curvature on the self-assembly of elongated microscopic building 
blocks, such as molecules and proteins, is key to engineering functional materials with 
predesigned structure. We develop model “banana-shaped” colloidal particles with tunable 
dimensions and curvature, whose structure and dynamics are accessible at the particle level. 

By heating initially straight rods made of SU-8 photoresist, we induce a controllable shape 
deformation that causes the rods to buckle into banana-shaped particles. We elucidate the phase 
behavior of differently curved colloidal bananas using confocal microscopy. Although highly curved 
bananas only form isotropic phases, less curved bananas exhibit very rich phase behavior, including 
biaxial nematic phases, polar and antipolar smectic-like phases, and even the long-predicted, 


elusive splay-bend nematic phase. 


urvature has an enormous impact on 

the functionality and self-assembly of 

elongated microscopic building blocks 

(1, 2). In the biological world, for instance, 

curved, rod-shaped bacteria outperform 
their straight counterparts in surface-colonization 
and swimming efficiency, which makes them 
ubiquitous in marine environments (3, 4). 
Many cellular functions, such as cell division 
or endocytosis, rely on the ability of “banana- 
shaped” proteins to generate curvature in cell 
membranes (5, 6). Curvature is also of key 
importance at the molecular scale where, for 
example, banana-shaped or bent-core mole- 
cules exhibit a fascinating range of new liquid 
crystalline phases with distinctive features 
such as supramolecular chirality and polarity 
(7-9). This has led to a surge of interest in 
banana-shaped liquid crystals from both a 
fundamental and technological point of view. 
They are not only ideal systems to study, for 
example, the spontaneous chiral symmetry 
breaking in systems of achiral molecules 
(10-13) but also excellent candidates for 
achieving faster switching speeds in display 
technologies (14, 15). 

Over the past two decades, more than 50 
new banana-shaped liquid crystalline phases 
have been reported, depending primarily on 
the molecular curvature (7-9). The vast ma- 
jority of these are smectic (Sm) phases, because 
the curved shape of the constituting molecules 
promotes their locking into smectic layers 
(8, 9). The large stability of Sm phases has also 
been observed in experiments of colloidal 
“boomerang-like” particles (J6) and in com- 
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puter simulations of similarly shaped par- 
ticles (17). The rather uncommon observation 
of nematic phases in banana-shaped systems 
(18, 19) has been of interest for the past 20 years, 
not least because of their potential to form chiral 
and biaxial nematic phases (13, 17, 20, 21). 
Examples of chiral and biaxial nematic phases 
are the twist-bend (Ny) and the splay-bend 
(Ngpg) nematic phases, respectively, in both of 
which the particle orientation is modulated in 
space. Whereas in the Ny, phase the particles 
exhibit a periodic twist in space resulting in a 
chiral phase, the Nsg phase exhibits periodic 
splay and bend modulations of the particle 
orientation in a single plane, thus showing 
biaxiality but not chirality (72). 


A 

(i) Rod <—c_, ( ) ( 
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ii) UV-Exposure 


The Nrg and Ngg phases were postulated 
more than 40 years ago by Meyer (22), and 
later independently by Dozov (12), who sug- 
gested that bend deformations in the orien- 
tation field of banana-shaped particles should 
be accompanied either by twist or splay de- 
formations to fill three-dimensional (3D) space. 
Whereas the Nrg phase has been observed in 
thermotropic liquid crystals [see, e.g., (23-25)], 
the existence of the Nsp phase has yet to be 
confirmed experimentally. Computer simu- 
lations suggested that the Nsp phase can be 
found in systems of hard boomerangs—that 
is, rod-like particles with a sharp kink—if the 
Sm phase is destabilized by polydispersity in 
the particle length or by smooth curvature in 
the particle shape (17). Experimentally study- 
ing the impact of features such as the cur- 
vature on the structure of banana-shaped 
systems at the particle level is thus crucial 
for a deeper understanding of the formation 
and properties of these phases. However, banana- 
shaped liquid crystals are typically character- 
ized using birefringence and x-ray diffraction 
techniques, where direct information about 
structural details is not available at the mo- 
lecular scale. This prompts the need for a 
colloidal analog, where such microscopic 
structural information is readily accessible 
using optical microscopy. However, despite the 
abundance of liquid crystal-forming colloidal 
particles such as rods, boomerangs, and plate- 
lets (26-28), there is no system of smoothly 
curved colloidal rods available. As such, the rich 
phase behavior predicted for banana-shaped 
particles has yet to be experimentally un- 
covered at the particle level. 
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Fig. 1. Synthesis of colloidal SU-8 banana-shaped particles. (A) Schematic showing the synthesis of 
SU-8 banana-shaped particles. In the first step, straight SU-8 rods are synthesized by shearing an 
emulsion of SU-8 droplets (29, 30). In the second step, the rods are partially cross-linked through exposure 
to UV light. In the third step, the partially cross-linked rods are heated to induce a shape deformation into 
banana-shaped particles, before they are UV-cured in the fourth step. (B and €) Scanning electron 
microscopy images of (B) the rods obtained after the synthesis with no heating and (C) the colloidal 

SU-8 bananas (tyy = 45 min) obtained with heating. (D) Confocal microscopy image of the fluorescent 


colloidal SU-8 bananas. Scale bars are 10 um. 
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In this work, we develop a method to 
produce, in bulk, fluorescent curved colloidal 
rods—colloidal bananas—with tunable dimen- 
sions and curvature. Our method relies on 
the temperature-driven buckling of initially 
straight rods made of SU-8 photoresist into 
colloidal bananas. The extent of the shape 
deformation, and hence the final curvature of 
the particles, is controlled by the rigidity of 


the SU-8 rods during the heating. Using con- 
focal microscopy, we elucidate the phase be- 
havior of three differently curved banana- 
shaped particles at the single-particle level. 
Although isotropic phases are found for highly 
curved bananas, very rich phase behavior— 
including biaxial nematic, splay-bend nematic, 
and polar and antipolar smectic-like structures— 
is observed for less curved bananas. 


Shaping colloidal SU-8 particles: From rods to 
banana-shaped particles 

Our method to produce colloidal SU-8 banana- 
shaped particles consists of four main steps, 
which are illustrated in Fig. 1A: (i) synthesis 
of rods, (ii) ultraviolet (UV) exposure, (iii) 
heating, and (iv) UV curing. In the first step, 
polydisperse straight SU-8 rods of ~20 um in 
length (Fig. 1B) are synthesized by vigorously 


25 min 


UV-exposure Time 
tuy = 120 min 


Fig. 2. Particle shape deformations during heating. (A and B) (A) Bright-field 
and (B) confocal microscopy snapshots of the deformation of an SU-8 rod 
during heating at 95°C using a heating stage; for (A), tuy = 1 min, and for (B), 
tyy = 25 min. (C to E) Representative SEM images of the shape evolution 

of the SU-8 rods during heating in a 95°C oven for (C) tuy = 1 min, (D) 


Fernandez-Rico et al., Science 369, 950-955 (2020) 


Diameter (um) 
ms 


yu oN 


°o 


= 
fo) 


9 
a 


Heating Time 


21 August 2020 


2. 
iy 


—@= tyy=tmin 
A= tyy=25min 
—H— tyy=120min 


0 10 20 30 40 50 
Heating time (min) 


tuy = 25 min, and (E) tyy = 120 min. (F) Evolution of the dimensions and 
curvature of the originally straight SU-8 rods during heating in a 95°C oven 

for tuy = 1 min (circles), tuy = 25 min (triangles), and tuy = 120 min (squares). 
Error bars represent the standard deviation of the mean value. Scale bars are 
10 um in (A) and (B) and 5 um in (C) to (E). 
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Fig. 3. Tuning particle shape and controlling 
the curvature and dimensions of banana- 
shaped particles. (A) Morphological state dia- 
gram of the SU-8 polymer particles as a function 
of UV exposure and heating times with a 
heating temperature of 95°C, where S, B, R, 

and Sc denote the sphere, banana, rod, and 
spherocylinder regimes, respectively. (B) Length, 
diameter, and curvature of the SU-8 particles 
after heating for 30 min, see dashed line in (A), 
in a 95°C oven for tyy = 5, 15, 25, 45, 90, and 
120 min. Error bars represent the standard 
deviation of the mean value, and the different 
colors of the symbols correspond to the 
different regimes in (A). (C to E) SEM 

images of banana-shaped particles with 
decreasing curvature obtained when tyy = 15, 
25, and 45 min, respectively. The insets 

show schematics of the bananas with their mean 
curvatures: (C) 0.25 um”, (D) 0.10 pm”, and 
(E) 0.07 um. Scale bars are 5 um. 


shearing an emulsion of SU-8 droplets in a 
viscous medium (29, 30). During the second 
step, the resulting rods are partially cross- 
linked through the ring-opening reaction of 
the epoxy groups under low-intensity UV light 
(supplementary materials section 2). The de- 
gree of cross-linking in the rods is controlled 
by the UV exposure time, tuy, as confirmed by 
the infrared spectra shown in fig. $3, where 
the peak corresponding to the epoxy groups 
decreases with increasing exposure time. In 
the third step, the deformation into banana- 
shaped particles is induced by heating the 
rods in a 95°C oven, resulting in smoothly 
curved polydisperse colloidal bananas (Fig. 1, 
C and D; tyy = 45 min). Finally, the particles 
are fully cross-linked by means of high- 
intensity UV light exposure, yielding highly 
stable particles that can be dispersed in both 
aqueous and nonaqueous solvents. 

The formation of banana-shaped particles 
is controlled by the interplay between the cross- 
linking density of the SU-8 rods, tuned by the 
UV exposure time, and the interfacial forces 
induced during the heating step. The cross- 
linking density of SU-8 dictates its rigidity 
and glass transition temperature, and both 
increase with longer UV exposures (31, 32). 
In our experiments, we observe three distinct 
responses after heating, depending on the UV 
exposure time. At short exposure times (tyy = 
1 min; Fig. 2A), i.e., low cross-linking den- 
sities, the heating of the rods results in the 
rounding of their sharp edges (Fig. 2C), sug- 
gesting that the rods are heated to a temper- 
ature above their glass transition temperature. 
The interfacial forces associated with the hem- 
ispherical particle ends drive the collapse of 
the rods into spheres, rather than bananas, to 
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minimize their surface energy (33-35). This 
collapse takes place via a spherocylindrical 
intermediate state, as shown by the snapshots 
taken during heating in Fig. 2A (see also movie 
S1). From the corresponding scanning electron 
microscopy (SEM) images shown in Fig. 2C, 
we find that the particle length decreases and 
the diameter increases (Fig. 2F) but that the 
particle volume remains constant during heat- 
ing (see fig. S5). At intermediate exposure 
times (¢uy = 25 min; Fig. 2B), the heating of 
the rods still results in the formation of round 
edges (Fig. 2D), which leads to an initial de- 
crease of the rod length and an increase of the 
rod diameter (Fig. 2F). However, the increased 
cross-linking density of the rods, i.e., the higher 
rigidity, leads to the formation of banana- 
shaped particles through buckling, as directly 
visualized during the heating process using 
confocal microscopy (Fig. 2B and movie 82). 
The buckling manifests itself by the appear- 
ance of curvature after heating for 20 min, 
where the particle length and diameter no 
longer change considerably (Fig. 2F). At long 
exposure times (tyy = 120 min; Fig. 2E), ie., 
high cross-linking densities, no rounding of 
the edges is observed, suggesting that the rods 
are heated to temperatures below their glass 
transition temperature. Consequently, no shape 
deformation is observed, and the length, diam- 
eter, and curvature are all constant during 
the heating (Fig. 2F). Finally, carrying out the 
experiments in the dark, i.e., no cross-linking 
takes place, always results in the formation of 
spheres (fig. S4), which thus confirms the 
crucial role of the interplay between inter- 
facial forces and the differing UV-induced 
rigidity of the rods on controlling the final 
particle shape. 
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Morphological state diagram 

The ability to systematically control the final 
particle shape using both UV exposure and 
heating time (supplementary materials sec- 
tion 1) is summarized in the morphological 
state diagram shown in Fig. 3A. Within the 
banana regime, we show that both the di- 
mensions and curvature of the resulting 
banana-shaped particles can be controlled by 
tuning the UV exposure time. This is observed 
in the SEM images presented in Fig. 3, C to E, 
where the bananas obtained using UV expo- 
sure times of 15, 25, and 45 min, respectively, 
are shown for a constant heating time of 
30 min. We find that with longer UV expo- 
sure times, the mean particle length L (in- 
set in Fig. 3D) increases from 8 to 14 um, 
whereas the mean diameter and curvature 
decrease from 1 to 0.7 um and from 0.25 to 
0.07 pm“, respectively (Fig. 3B and fig. S6). 
This corroborates the fact that the rigidity 
of the rods increases and thus the extent 
of buckling decreases with UV exposure 
time. Inherent to the polydisperse nature 
of the initial SU-8 rods (29, 30), the result- 
ing colloidal bananas are also polydisperse 
in length, diameter, and curvature, with typ- 
ical polydispersities of 30, 20, and 30%, re- 
spectively (table S1). 


Phase behavior of colloidal bananas 


We study the phase behavior of banana- 
shaped particles, and how this is affected 
by curvature, by preparing concentrated 
samples of three differently curved colloidal 
bananas and imaging them using confocal 
microscopy. Although the 3D samples are 
typically ~50 um thick, we image the sys- 
tem relatively close to the bottom wall of 
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Fig. 4. Phase behavior of banana-shaped colloidal particles with different 
curvatures. (A to C) Confocal microscopy images of colloidal bananas with an 
average curvature of [(A;) to (Aa)] « = 0.25 um and packing fractions » = 0.12, 
0.26, 0.61, and 0.84, respectively; [(B;) to (Ba)] « = 0.10 um™ and 9 = 0.27, 
0.63, 0.79, and 0.82, respectively; and [(C;) to (C4)] « = 0.07 um and = 0.29, 


the sample container to which the bananas 
align because this facilitates a quantitative 
2D structural analysis at the particle level 
(supplementary materials section 4.2 for de- 
tails). In Fig. 4, we present confocal micros- 
copy images of the structures formed by the 
three differently curved colloidal bananas at 
different packing fractions ». The most curved 
bananas [curvature (x) = 0.25 um] only dis- 
play isotropic phases (I) at all packing frac- 
tions, as shown in Fig. 4A (see fig. S9 for 
confocal images of the system at all packing 
fractions studied). Although small smectic do- 
mains are observed at high packing frac- 
tions, the combination of polydispersity and 
small opening angles of these bananas (table 
Sl) suppresses the formation of any ordering 
at larger length scales. This is corroborated by 
the flat distribution of polar orientation 0 
(inset in Fig. 4A;) of the bananas, p(8), in Fig. 
4A; and the lack of orientational correlations 
over space in the overlays in Fig. 4, A, to Ay, 
where the bananas are colored according to 
their polar orientation. Note that because of 
the alignment of the bananas to the wall, the 
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orientation of the long axis is directly related 
to the polar orientation through a 1/2 rotation 
(fig. S7). 

The bananas with intermediate curvature, 
« = 0.10 um’, also exhibit isotropic order- 
ing at low packing fractions (Fig. 4B,) but 
self-assemble into biaxial nematic and polar 
and antipolar smectic-like phases at higher 
packing fractions, as shown in Fig. 4, By to 
B, (see fig. S12 for images at all packing frac- 
tions). The onset of orientational ordering 
in the nematic and smectic phases manifests 
itself as the emergence of peaks in p(0) above 
= 0.63, as shown in Fig. 4B;. The biaxial 
nature of this ordering is inherent to the 
orthogonality of the long and polar axes of 
the bananas because of their alignment to 
the wall (see fig. S7). In particular, the bi- 
axial nematic phase (Nj) observed at o = 
0.63 (Fig. 4B.) is characterized by two peaks 
in p(8), which correspond to the two polar 
orientations that the bananas show in this 
phase. At higher packing fractions, @ = 0.79 
(Fig. 4B3), the emergence of smectic do- 
mains, with some local polar smectic order- 
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0.60, 0.67, and 0.79, respectively. The top-right overlays on the images show the 
bananas colored according to their polar orientation 6 as defined in the inset in 
(As) and the color legend in (Aj). (As), (Bs), and (Cs) show the polar angle 
distributions of the corresponding confocal microscopy images. The insets show 
schematics of the bananas with their mean curvatures. Scale bars are 10 wm. 


ing, is observed (36). The polydomain struc- 
ture at this packing fraction is likely due to 
kinetic effects (supplementary materials sec- 
tion 4.2) and results in a single broad peak in 
p(8). Antipolar smectic ordering is observed at 
= 0.82 (Fig. 4B,), which leads to a double 
peak in p(@) due to the neighboring layers 
exhibiting alternating polar orientation, as 
is also evident from the overlay in Fig. 4B4. 

Even richer phase behavior is observed for 
the least curved bananas (« = 0.07 pm‘), as 
shown in Fig. 4C (see fig. S15 for images at all 
packing fractions). As expected, the isotropic 
phase is observed at low packing fractions. 
On increasing packing fraction, the system 
starts to exhibit biaxial nematic ordering 
(Fig. 4, C. and C3), as is evident from the de- 
velopment of peaks in p(0) (Fig. 4C;), and 
eventually forms layered antipolar biaxial 
smectic structures at ~ = 0.79 (Fig. 4C,). We 
also observe different types of defects as 
shown in fig. S24. Most interestingly, how- 
ever, the biaxial nematic phase of bananas 
with this curvature (Fig. 4C3) exhibits a strong 
spatial modulation of the particle orientations, 
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Fig. 5. Observation of the splay-bend nematic phase. (A,) Center of mass 
(CM,) positions of all the bananas. The inset shows a schematic 
of mass and orientation of a banana. (Az) Bananas colored acco 
particle orientation as indicated by the white arrows. The inset shows the color 
legend used for the particle orientation. (A3) The density profile 
line) and nematic director field A(y) (white arrows) along the 
director, fi, of the system shown in Fig. 4C3. Note that the y axis is parallel to 
fl. (B) Confocal microscopy images of the colloidal bananas with curvature 


which is reminiscent of the elusive biaxial splay- 
bend nematic phase. 


Splay-bend nematic phase in colloidal bananas 


To distinguish the splay-bend nematic phase 
from the biaxial nematic and smectic phases, 
we measure the spatial modulation of both 
the particle positions and orientations along 
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the nematic director fi, defined as the av- 
erage particle orientation of the phase (sup- 
plementary materials section 7). To this end, 
we determine the center of mass positions 
and the particle orientations 0; (inset in 
Fig. 5A,) of all the particles as presented 
in Fig. 5, Ay and A», respectively, for the least 
curved bananas at » = 0.67. From these, we 
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« = 0.07 um? for packing fractions = 0.6, 0.64, 0.67, 0.70, and 0.79, with 
p(y) and f(y) overlaid. (C) Modulation of the x and y components of the 
measured nematic director field along ft. The solids lines are fits according to 
the theoretical expression for A(y) (see main text). (D) Pitch-length (in units 
of the particle length L) and amplitude 89 as a function of the packing 
fraction. (E) Global nematic (NOP) and smectic (SmOP) parameters as a 
function of the packing fraction. (F) 3D confocal microscopy image (70 um by 
70 wm by 15 um) of the splay-bend nematic phase. Scale bars are 10 um. 


extract the number density profile and the 
nematic director field along the nematic 
director fi (supplementary materials sec- 
tion 7), which are shown as the blue line and 
the white arrows in Fig. 5A3, respectively. 
Note that the y axis is defined to be parallel 
to fi. In Fig. 5B, we present these measure- 
ments for the five highest packing fractions 
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( = 0.60 to 0.79) for the bananas with the 
lowest curvature (« = 0.07 um’). First, we 
observe that the number density profiles, 
p(y), are mostly flat, characteristic for ne- 
matic phases, except for the highest packing 
fraction (@ = 0.79), where clear peaks develop 
owing to the organization of the bananas 
into positionally ordered smectic layers. Con- 
sistently, the global smectic order parameter 
(supplementary materials section 7) only in- 
creases at » = 0.79, as shown in Fig. 5E, con- 
firming the smectic nature of this phase. 
Second, we observe a clear modulation of the 
nematic director field, fi(y), for all five pack- 
ing fractions, as is evident from the periodic 
fluctuations in the orientations of the white 
arrows in Fig. 5B. 

A detailed characterization of the measured 
fi(y) is shown in Fig. 5C, where the spatial 
modulations of its components parallel (7,) 
and perpendicular (n,,.) to the nematic director 
are shown for all five packing fractions. To 
unambiguously identify the splay-bend nature 
of these phases, we fit the measured nematic 
director field with the theoretical expression 
for the director field of a splay-bend nematic 


phase (12), given by f(y) = {sin [eosin (= y) : 
cos [eosin (= y)| , where 0, and p are the 
amplitude and pitch-length of the modulation, 
respectively (72) (fig. S18). 

As shown in Fig. 5C, we find that our ex- 
perimental data for n, and n, are notably well 
described by the expression for fi(y) for all 
packing fractions in the range @ = 0.60 to 0.79, 
confirming the splay-bend nature of the direc- 
tor field. However, for » < 0.67, the amplitude 
0, and pitch-length p, obtained from these fits, 
increase with increasing (Fig. 5D), in contrast 
to what is expected for the splay-bend nematic 
phase (77). Only for = 0.67, 99 and p are di- 
rectly proportional to each other and decrease 
with increasing (Fig. 5D), in agreement with 
computer simulations of the splay-bend ne- 
matic phase (17), suggesting that the splay- 
bend nematic phase forms at o = 0.67. This 
is corroborated by the decrease in the global 
nematic order parameter (supplementary ma- 
terials section 7) at o = 0.67, consistent with 
the onset of substantial splay-bend modula- 
tions of the particle orientations, resulting in 
a decrease of the global alignment of particles 
(Fig. 5E). For our least curved colloidal bananas 
(k = 0.07 um”), it is thus clear that they 
undergo a transition from the biaxial nematic 
phase to the modulated splay-bend nemat- 
ic phase at  ~ 0.67, before going into the smectic 
phase ato ~ 0.79. As far as we are aware, this is 
the first experimental observation of the 
splay-bend nematic phase (see also fig. S23 
and movie S4), which was predicted in 1976 
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(22). Finally, we demonstrate the 3D nature 
of the splay-bend nematic phase in Fig. 5F, 
where a 3D confocal microscopy image shows 
the splay-bend deformations up to 15 particle 
diameters into the bulk of our sample (see also 
fig. S26). 

The following picture of the phase behavior 
for our differently curved colloidal bananas 
emerges: For the most curved bananas (Kk = 
0.25 um’), only the isotropic phase is ob- 
served; for the bananas with intermediate 
curvature (« = 0.10 um™’), a phase sequence 
of I-N,-Sm is found; and the least curved 
bananas (« = 0.07 um™) exhibit a I-Np-Nsp-Sm 
phase sequence as a function of the packing 
fraction (fig. S27). The experimental obser- 
vation of the splay-bend nematic phase 
confirms the importance of a smooth par- 
ticle curvature or polydispersity for the sta- 
bility of this phase (17) and also suggests 
that the typical sharp kink and purity of 
bent-core molecules could be one of the rea- 
sons as to why this phase has not yet been 
observed in molecular systems. Although our 
results for the least curved bananas are largely 
consistent with the phase behavior found 
in computer simulations of similar banana- 
shaped particles (17), we do not observe the 
Nrg phase, which is predicted to occur be- 
tween the nematic and Nsp phases (17). We 
attribute the absence of the Nyg phase in 
the experimental phase behavior to a combi- 
nation of the effect of gravity and the pres- 
ence of a flat bottom wall in our sample cell. 
An external field like a gravitational or elec- 
tric field may transform the Nryg phase into a 
Ngg phase in the case that the nematic direc- 
tor is perpendicular to the external field (25). 
In addition, the presence of a flat wall favors 
biaxial order, and hence the Ngp rather than 
the Ng phase may form close to the wall. The 
direct observation of the colloidal analog of 
the Nryg phase therefore still remains an ex- 
citing experimental challenge. 
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Isolation of potent SARS-CoV-2 neutralizing 
antibodies and protection from disease in a small 


animal model 


Thomas F. Rogers'**, Fangzhu Zhao"***, Deli Huang’*, Nathan Beutler’, Alison Burns?*“, 
Wan-ting He’, Oliver Limbo*>, Chloe Smith’, Ge Song?*+, Jordan WoehI*°, Linlin Yang, 
Robert K. Abbott*®, Sean Callaghan’*“, Elijah Garcia’, Jonathan Hurtado"*”, Mara Parren’, 
Linghang Peng, Sydney Ramirez®, James Ricketts’, Michael J. Ricciardi®, Stephen A. Rawlings’, 
Nicholas C. Wu?, Meng Yuan®, Davey M. Smith?, David Nemazee’, John R. Teijaro’, James E. Voss’, 
lan A. Wilson®*°, Raiees Andrabi-*, Bryan Briney'*”, Elise Landais'**°, Devin Sok’*+°+, 


Joseph G. Jardine*>}, Dennis R. Burton??42°+ 


Countermeasures to prevent and treat coronavirus disease 2019 (COVID-19) are a global 

health priority. We enrolled a cohort of severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2)-recovered participants, developed neutralization assays to investigate antibody 
responses, adapted our high-throughput antibody generation pipeline to rapidly screen more 

than 1800 antibodies, and established an animal model to test protection. We isolated potent 
neutralizing antibodies (nAbs) to two epitopes on the receptor binding domain (RBD) and to 
distinct non-RBD epitopes on the spike (S) protein. As indicated by maintained weight and low 
lung viral titers in treated animals, the passive transfer of a nAb provides protection against disease 
in high-dose SARS-CoV-2 challenge in Syrian hamsters. The study suggests a role for nAbs 

in prophylaxis, and potentially therapy, of COVID-19. The nAbs also define protective epitopes to 


guide vaccine design. 


he novel coronavirus disease 2019 
(COVID-19) has had devastating global 
health consequences, and there is cur- 
rently no cure or licensed vaccine. Neu- 
tralizing antibodies (nAbs) to the causative 
agent of the disease, severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2), repre- 
sent potential prophylactic and therapeutic 
options and could help guide vaccine design. 
AnAb to another respiratory virus, respiratory 
syncytial virus (RSV), is in widespread clinical 
use prophylactically to protect vulnerable infants 
(1). Furthermore, nAbs prevent death from the 
emerging Ebola virus in macaques, even when 
given relatively late in infection, and thus have 
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been proposed for use in outbreaks (2, 3). 
Generally, nAbs with outstanding potency 
(known as super-antibodies) (4) can be isolated 
by deeply mining antibody responses of a 
sampling of infected donors. Outstanding 
potency coupled with engineering to extend 
antibody half-life from weeks to many months 
brings down the effective costs of antibodies 
and suggests more opportunities for prophy- 
lactic intervention. At the same time, outstanding 
potency can permit antiviral therapeutic efficacy 
that is not observed for less potent antibodies 
(4). Here, we present the isolation of highly 
potent nAbs to SARS-CoV-2 and demonstrate 
their in vivo protective efficacy in a small 
animal model, suggesting their potential utility 
as a medical countermeasure. 

To investigate the antibody response against 
SARS-CoV-2 and discover nAbs, we adapted 
our pipeline to rapidly isolate and characterize 
monoclonal antibodies (mAbs) from convales- 
cent donors (Fig. 1). A cohort of previously 
swab-positive SARS-CoV-2 donors was recruited 
for peripheral blood mononuclear cell (PBMC) 
and plasma collection. In parallel, we devel- 
oped both live replicating and pseudovirus 
neutralization assays using a HeLa-ACE2 
(angiotensin-converting enzyme 2) cell line 
that gave robust and reproducible virus titers. 
Convalescent serum responses were evaluated 
for neutralization activity against SARS-CoV-1 
and SARS-CoV-2, and eight donors were 
selected for mAb discovery. Single antigen- 
specific memory B cells were sorted, and their 
corresponding variable genes were recovered 
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and cloned using a high-throughput produc- 
tion system that enabled antibody expres- 
sion and characterization in under 2 weeks. 
Promising mAbs were advanced for fur- 
ther biophysical characterization and in vivo 
testing. 


Development of viral neutralization assays 


Two platforms were established to evaluate 
plasma neutralization activity against SARS- 
CoV-2, one using replication-competent virus 
and another using pseudovirus (PSV). Vero-E6 
cells were first used as target cells for neutral- 
ization assays, but this system was relatively 
insensitive at detecting replicating virus com- 
pared with a HeLa cell line that stably ex- 
pressed the cell surface ACE2 receptor (fig. SIA). 
The HeLa-ACE2 target cells gave reproducible 
titers and were used for the remainder of the 
study. In certain critical instances, HeLa-ACE2 
and Vero cells were compared. 

The live replicating virus assay used the 
Washington strain of SARS-CoV-2, USA-WA1/ 
2020 (BEI Resources NR-52281) and was opti- 
mized to a 384-well format to measure plaque 
formation. In parallel, a PSV assay was estab- 
lished for both SARS-CoV-1 and SARS-CoV-2 
using murine leukemia virus-based PSV (MLV- 
PSV) (5). The assay used single-cycle infectious 
viral particles bearing a firefly luciferase re- 
porter for high-throughput screening. Unlike 
MLV-PSV, which buds at the plasma membrane, 
coronaviruses assemble in the endoplasmic 
reticulum (ER)-Golgi intermediate compart- 
ment, so the C terminus of the SARS-CoV-1 spike 
(S) protein contains an ER retrieval signal (6). 
The alignment of SARS-CoV-1 and SARS-CoV-2 
S proteins showed that this ER retrieval sig- 
nal is conserved in SARS-CoV-2 (fig. SIB). To 
prepare high titers of infectious SARS-CoV-1 
and SARS-CoV-2 PSV particles, various trunca- 
tions of SARS-CoV-1 and SARS-CoV-2 S pro- 
tein were expressed in which the ER retrieval 
signal was removed to improve exocytosis of 
the virus. Pseudovirion versions carrying SARS- 
CoV1-SA28 and SARS-CoV2-SA18S protein effi- 
ciently transduced ACE2-expressing target cells 
but not control HeLa or A549 cells (fig. SIC). 
Control VSV-G pseudotyped virions showed 
a similar transduction efficiency in all target 
cells. Luciferase expression in transduced cells 
proved to be proportional to viral titer over a 
wide range (fig. SID). 


Establishment of a SARS-CoV-2 cohort 


In parallel to the development of neutralization 
assays, a cohort was established in San Diego, 
California, of 17 donors who had previously 
been infected with SARS-CoV-2 (Fig. 2A, fig. S2A, 
and table S1). The cohort was 47% female, and 
the average age was 50 years. Infection was 
determined by a positive SARS-CoV-2 polymerase 
chain reaction (PCR) test from a nasopharyngeal 
swab. All donors also had symptoms consistent 
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infection cohort was established to collect plasma and PBMC samples from 
individuals who recovered from COVID-19. In parallel, functional assays were 
developed to rapidly screen plasma samples for SARS-CoV-2 neutralizing 
activity. SARS-CoV-2 recombinant surface proteins were also produced 

for use as baits in single-memory B cell sorting and downstream functional 
characterization of isolated mAbs. Finally, a Syrian hamster animal model 
was set up to evaluate mAb passive immunization and protection. The 


with COVID-19, and disease severity ranged from 
mild to severe, including intubation in one case, 
although all donors recovered. Donor plasma 
were tested for binding to recombinant SARS- 
CoV-2 and SARS-CoV-1 S and receptor binding do- 
main (RBD) proteins, for binding to cell surface- 
expressed spikes, and for neutralization in both 
live replicating virus and PSV assays [Fig. 2, B 
to D, and fig. S2B; three donors (CC6, CC12, 
and CC25) that are further discussed below are 
highlighted]. Binding titers to SARS-CoV-2 S pro- 
tein varied considerably, reaching a half-maximal 
effective concentration (EC; ) at serum dilutions 
of ~10*, with titers against the RBD about an 
order of magnitude less. Titers against SARS- 
CoV-1S protein were notably less than those for 
SARS-CoV-2 S protein, and titers against SARS- 
CoV-1 RBD were only detected in a small num- 
ber of donors. Neutralizing titers in the PSV 
assay varied over a wide range for SARS-CoV-2 
(Fig. 2D and fig. S2A) and were low or unde- 
tectable against SARS-CoV-1. RBD binding and 
PSV neutralization were notably well correlated 
(Fig. 2E). There was also a positive correlation 
between cell surface spike binding and live 
replicating virus neutralization (fig. S2C). The 
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chain; RT, reverse transc 


titers in the PSV assay and the replicating virus 
assay were largely similar (figs. S2 and S3). In 
most later measurements, the PSV assay was 
preferred owing to its higher throughput. 


Antibody isolation and preliminary functional 
screens for down-selection 


Cryopreserved PBMCs from eight donors were 
stained for memory B cells markers (CD19*/IgG*; 
IgG, immunoglobulin G) and both AviTag bio- 
tinylated RBD and SARS-CoV-2 S antigen baits 
before single-cell sorting. S* and S*/RBD* 
memory B cells were present at an average 
frequency of 2.0 and 0.36%, respectively, across 
the eight donors (fig. S4A). In total, 3160 
antigen-positive (Ag*) memory B cells were 
sorted to rescue native heavy and light chain 
pairs for mAb production and validation (fig. 
S4B). A total of 2045 antibodies were cloned 
and expressed, which represents, on average, a 
65% PCR recovery of paired variable genes and 
>86% estimated recovery of fully functional 
cloned genes (fig. S4C). The bulk-transformed 
ligation products for both the heavy chain and 
light chain were transfected and tested for 
binding to RBD and S protein and for neutral- 
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amplification, cloning, expression, and functional screening of hundreds 
of unpurified Ab heavy and light chain pairs isolated from each of several 
selected neutralizers in only 10 days. Selected pairs were scaled up to 
purify IgG for validation and characterization experiments. Potent 
neutralizing mAbs were selected to evaluate protection in the Syrian 
hamster model. HC, heavy chain; «C, kappa light chain; AC, lambda light 


iptase. 


ization in the SARS-CoV-2 PSV assay using 
HeLa-ACE2 target cells (fig. S5). 

The majority of transfected pairs (92%) re- 
sulted in IgG expression. Of these, 43% showed 
binding only to S protein, while 5.9% bound to 
both S and RBD proteins and 0.1% bound only 
to RBD. The supernatants were also screened 
for binding to an unrelated HIV antigen (BG505 
SOSIP) to eliminate nonspecific or polyreac- 
tive supernatants. The supernatants were next 
evaluated for neutralization activity using SARS- 
CoV-2 and SARS-CoV-1 pseudoviruses. A small 
proportion of the binding antibodies showed 
neutralization activity, and, unexpectedly, 
that activity was equally distributed between 
RBD*/S* and S*-only binders, despite a much 
larger number of S*-only binding supernatants, 
as exemplified by the three donors, CC6, CC12, 
and CC25 (Fig. 3A). These data indicate that 
viral infection generates a strong response against 
the non-RBD regions of the S protein, but only 
a small proportion of that response is neutral- 
izing. In contrast, there are fewer RBD-binding 
antibodies, but a larger proportion of these 
neutralize SARS-CoV-2 pseudovirus. Antibodies 
that tested positive for neutralization in the 
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Fig. 2. COVID-19 cohort functional screening. (A) Demographics of the 
University of California, San Diego (UCSD) COVID-19 cohort (CC) participants. 
CC plasma was tested for binding to SARS-CoV-1 and SARS-CoV-2 S proteins 
(B) and RBD subunits (€) by ELISA. Background binding of plasma to bovine 
serum albumin-coated plates is represented by a dotted line. OD405nm, optical 
density for wavelength of 405 nm. (D) Plasma was also tested for neutralization 
of pseudotyped (PSV) SARS-CoV-1 and SARS-CoV-2 virions. (E) Correlation 


between PSV SARS-CoV-2 neutralization and RBD subunit ELISA binding AUC 
(area under the curve). AUC was computed using Simpson's rule. The 95% 
confidence interval of the regression line is shown by the gray shaded area and 
was estimated by performing 1000 bootstrap resamplings. R* (coefficient of 
determination) and P values of the regression are also indicated. CC participants 
from whom mAbs were isolated are specifically highlighted in blue (CC6), 
green (CC12), and pink (CC25). 


high-throughput screening were sequence- 
confirmed and advanced for large-scale expres- 
sion for additional characterization. 
Thirty-three antibodies were prioritized for 
in-depth characterization from the three donors, 
CC6, CC12, and CC25. Within that subset, we 
identified 25 distinct lineages, with 23 con- 
taining a single member (table $2). VH1 and 
VH3 gene families were notably prominent in 
these Abs, and there was a diversity of CDR3 
lengths (Fig. 3, B and C). There was one promi- 
nent example of a clonally expanded lineage, 
with eight recovered clonal members that 
averaged 4.3 and 2.8% mutations from germ- 
line at the nucleotide level in the heavy chain 
and light chain, respectively (Fig. 3D). The re- 
maining clones were relatively unmutated, 
averaging just above 1% mutation at the 
nucleotide level, suggesting that these anti- 
bodies were primed by the ongoing COVID 
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infection and likely not recalled from a previous 
endemic human coronavirus exposure. All 
antibodies that were expressed at scale were 
evaluated in standard enzyme-linked immu- 
nosorbent assay (ELISA)-based polyreactivity 
assays with solubilized Chinese hamster ovary 
(CHO) membrane preparations, single-stranded 
DNA, and insulin (7, 8), and none were poly- 
reactive (fig. S6). 


Functional activity of down-selected antibodies 


The antibody hits that were identified in the 
high-throughput screening were next evaluated 
for epitope specificity by biolayer interferom- 
etry using S and RBD proteins as capture 
antigens. The antigens were captured on anti- 
HIS biosensors before addition of saturating 
concentrations (100 pg/ml) of antibodies that 
were then followed by competing antibodies at 
a lower concentration (25 ug/ml). Accordingly, 
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only antibodies that bind to a noncompeting 
site would be detected in the assay. Among the 
antibodies evaluated, the results reveal three 
epitope bins for RBD (designated RBD-A, RBD- 
B, and RBD-C) and three epitope bins for the S 
protein (designated S-A, S-B, and S-C) (Fig. 4A 
and fig. $7). The mAb CC12.19 appears to com- 
pete with antibodies targeting two different 
epitopes, RBD-B and S-A (fig. S7), which might 
indicate that this mAb targets an epitope 
spanning RBD-B and S-A. To evaluate epitope 
specificities further, we next assessed binding 
of the antibodies to extended RBD constructs 
with subdomains (SD) 1 and 2, including the 
independently folding RBD-SD1 and RBD-SD1- 
2 and the N-terminal domain (NTD) (Fig. 4B 
and fig. S8, A and B). None of the antibodies 
showed binding to the NTD. CC12.19 binds 
to all other constructs, which supports the 
epitope binning data described in Fig. 4A. The 
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Fig. 3. Antibody isolation and functional screening for SARS-CoV antigen 
binding and neutralization. (A) Antibody down-selection process from 
three donors, presented as bubble plots. The areas of the bubbles for each 
donor are sized according to the number of antibodies (n) that were cloned 
and transfected, then scaled according to the number that were positive 

in subsequent assays. All antibodies that expressed at measurable 

levels were tested for binding to S protein and RBD to determine their 


other antibodies grouped in the S-A epitope 
bin that compete with CC12.19 either showed 
no binding to RBD or RBD-SD constructs 
(CC12.20 and CC12.21) or showed binding 
to RBD-SD1 and RBD-SD1-2 but not RBD 
(CC12.23). These data suggest two competing 
epitopes within the S-A epitope bin: one that 
is confined to the non-RBD region of the S 
protein, and one that includes some element 
of RBD-SD1-2. This interpretation will require 
further investigation by structural studies. 
We next evaluated the mAbs for neutralization 
activity against SARS-CoV-2 and SARS-CoV-1 
pseudoviruses. The neutralization half-maximal 
inhibitory concentration (ICs 9) potencies 
of these antibodies are shown in Fig. 4C, 
and their associated maximum neutralization 
plateaus (MNPs) are shown in Fig. 4D. A 
comparison of neutralization potencies between 
pseudovirus (fig. S8C) and live replicating virus 
(fig. S8D) is also included. The most potent 
neutralizing antibodies were those directed 
to RBD-A epitope, including two antibodies, 
CC6.29 and CC6.30, that neutralize SARS-CoV-2 
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pseudovirus with an ICs, of 2 ng/ml and 1 ng/ml, 
respectively (Fig. 4C). In comparison, anti- 
bodies directed to RBD-B tended to have a 
higher ICs, and many plateaued below 100% 
neutralization. Despite this trend, CC6.33 is 
directed against RBD-B and showed complete 
neutralization of SARS-CoV-2 with an ICs, of 
39 ng/ml and also neutralized SARS-CoV-1 
with an ICs, of 162 ng/ml. CC6.33 was the only 
antibody that showed potent neutralization of 
both pseudoviruses. The antibodies that do not 
bind to RBD and are directed to non-RBD epitopes 
on the S protein all showed poor neutralization 
potencies and MNPs well below 100%. 

To evaluate whether the RBD-A epitope might 
span the ACE2 binding site, we next performed 
cell surface competition experiments. Antibodies 
were premixed with biotinylated S (Fig. 4E) or 
RBD (Fig. 4F) proteins at a 4:1 molar ratio of 
antibodies to target antigen. The mixture was 
then incubated with the HeLa-ACE2 cell line 
and the percent competition against ACE2 re- 
ceptor was recorded by comparing percent 
binding of the target antigen with and without 
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specificity and then screened for neutralization. (B) VH gene distribution 

of down-selected mAbs. (C) Heavy chain CDR3 lengths of down-selected 
mAbs. Antibodies in (B) and (C) are colored according to their respective 
clonal lineages. (D) Mutation frequency of down-selected mAb lineages. 
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antibody present (fig. SSE). The antibodies tar- 
geting the RBD-A epitope competed best against 
the ACE2 receptor, and the neutralization IC; 
correlated well with the percent competition 
for ACE2 receptor binding for both S protein 
(Fig. 4E) and RBD (Fig. 4F). We also assessed 
the affinity of all RBD-specific antibodies to 
soluble RBD by surface plasmon resonance 
(SPR) and found a poor correlation between 
affinity and neutralization potency (Fig. 4G 
and fig. S9). However, the correlation is higher 
when limited to antibodies targeting the RBD- 
A epitope. The lack of a correlation between 
RBD binding and neutralization for mAbs 
contrasts with the strong correlation described 
earlier for serum RBD binding and neutraliza- 
tion. Overall, the data highlight epitope RBD-A 
as the preferred target for eliciting neutraliz- 
ing antibodies and suggest that correspond- 
ing increases in affinity of mAbs to RBD-A 
will likely result in corresponding increases in 
neutralization potency. 

SARS-CoV-2 has shown some propensity for 
mutation as it has circulated worldwide, as 
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evidenced, for example, in the emergence of 
the D614G variant (9). We investigated the 
activity of five nAbs against six viral variants 
that have been reported. The three sera studied 


above (CC6, CC12, and CC25) neutralized all the 
variants (fig. SIOA). All five nAbs neutralized 
the D614G variant. However, one variant 
with a mutation in the ACE2 binding site 


[Gly*”°Ser (G476S)] did show effectively 
complete resistance to one of the nAbs, and 
another variant (V367F) showed a 10-fold 
higher ICs, than the WAI strain (fig. SIOB). 
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Passive transfer of neutralizing antibodies and 
SARS-CoV-2 challenge in Syrian hamsters 
To investigate the relationship between in 
vitro neutralization and protection in vivo 
against SARS-CoV-2, we selected two mAbs 
for passive transfer and challenge experiments 
in a Syrian hamster animal model on the basis 
of asummary of the nAb data (table S3 and fig. 
S11). The experimental design for the passive 
transfer study is shown in Fig. 5A. In the first 
experiment, we tested nAb CC12.1, which 
targets the RBD-A epitope and has an in vitro 
ICs neutralization of 0.019 ug/ml against 
pseudovirus, and in the second experiment, 
we tested nAb C12.23, which targets the S-B 
epitope with an IC;, neutralization of 22 ug/ml. 
In both experiments, an unrelated antibody 
to dengue virus, Den3, was used as a control. 
The anti-SARS-CoV-2 nAbs were delivered at 
five different concentrations to evaluate dose- 
dependent protection, starting at 2 mg per 
animal (average: 16.5 mg/kg) at the highest 
dose and 8 ug per animal at the lowest dose. 
The Den3 control antibody was delivered at 
a single dose of 2 mg per animal. Sera were 
collected from each animal 12 hours after 
intraperitoneal infusion of the antibody, and 
all animals were subsequently challenged with 
a dose of 1 x 10° plaque forming units (PFU) 
of SARS-CoV-2 (USA-WA1/2020) by intranasal 
administration 12 hours after antibody infu- 
sion (Fig. 5A). 

Syrian hamsters typically clear virus within 
1 week after SARS-CoV-1 infection, and obser- 
vations made in that model system determined 
the strategy adopted here (10). The hamsters 
were weighed daily as a measure of disease 
due to infection. Lung tissues were collected to 
measure viral load on day 5. A data summary 
is presented in Fig. 5B and fig. S12A for animals 
that received CC12.1, which targets the RBD-A 
epitope. The control animals that received 
Den3 lost, on average, 13.6% of body weight by 
day 5 after virus challenge. In comparison, the 
animals that received the neutralizing RBD-A 
antibody at a dose of 2 mg (average: 16.5 mg/kg) 
or 500 ug (average: 4.2 mg/kg) exhibited no 
weight loss. However, animals that received a 
dose of 125 ug (average: 0.9 mg/kg) had an 
average body weight loss of 8%, while animals 
that received a dose of 31 ug/ml (average: 
0.2 mg/kg) and 8 ug/ml (average: 0.06 mg/kg) 
lost 15.8 and 16.7% of body weight, respectively. 
Although these animals showed a trend for 
greater weight loss than did control animals, 
this trend did not achieve statistical significance 
(table S4). Given concerns about antibody- 
mediated enhanced disease in SARS-CoV-2 
infection, this observation merits further at- 
tention using larger animal group sizes. The 
weight loss data are further corroborated by 
quantification of lung viral load measured 
by real-time PCR (Fig. 5C), which showed a 
moderate correlation to weight loss. The data 
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was administered at a starting dose of 2 mg per animal (average: 16.5 mg/kg) and subsequent serial fourfold 
dilutions. Control animals received 2 mg of Den3. Each group of six animals was challenged intranasally (i.n.) 12 hours 
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assessment. (B) Percent weight change was calculated from day O for all animals. (C) Viral load, as assessed by 


nucleocapsid RNA quantitative polymerase chain reaction ( 
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qPCR) from lung tissue at day 5 after infection. (D) Serum 
LISA at the time of challenge [12 hours after intraperitoneal 


(i.p.) administration]. Correlation analyses with 95% confidence intervals indicated by the gray shaded area. 


indicate comparable viral loads between the 
three higher doses (2 mg, 500 pg, and 125 ug) 
of nAbs. In contrast, equivalent viral loads were 
observed between the control group receiving 
Den3 and the low-dose groups receiving 31 or 
8 wg of nAb. In contrast to the nAb to RBD-A, 
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the less potent and incompletely neutralizing 
antibody to the S-B epitope showed no evidence 
of protection at any concentration when com- 
pared with control animals (fig. S12B). 

To determine the antibody serum concen- 
trations that may be required for protection 
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against disease from SARS-CoV-2 infection, 
we also measured the antibody serum concen- 
trations just before intranasal virus challenge 
(Fig. 5D). The data highlight that an anti- 
body serum concentration of ~22 ug/ml of 
nAb (1160 x PSV neutralization ICs9) enables 
full protection and a serum concentration of 
12 ug/ml (630 x PSV neutralization ICs,) is 
adequate for a 50% reduction in disease, as 
measured by weight loss. The effective antibody 
concentration required at the site of infection 
to protect from disease remains to be deter- 
mined. Sterilizing immunity at serum concen- 
trations that represent a large multiplier of the 
in vitro neutralizing IC; is observed for many 
viruses (11). 


Discussion 


Using a high-throughput rapid system for 
antibody discovery, we isolated more than 
1000 mAbs from three convalescent donors 
by memory B cell selection using SARS-CoV-2 
S or RBD recombinant proteins. About half 
of the mAbs isolated could be expressed, and 
they also bound effectively to S and/or RBD 
proteins. Only a small fraction of these Abs 
were neutralizing, which highlights the value 
of deep mining of responses to access the most 
potent Abs (4). 

A range of nAbs were isolated to different 
sites on the S protein. The most potent Abs, 
reaching single-digit nanogram per milliliter 
ICso values in PSV assays, are targeted to a site 
that, judged by competition studies, overlaps 
the ACE2 binding site. Only one of the Abs, 
directed to RBD-B, neutralized SARS-CoV-1 
PSV, as may be anticipated given the differ- 
ences in ACE2 contact residues between the two 
viruses (fig. S13) and given that the selections 
were performed with SARS-CoV-2 target pro- 
teins. Abs that are directed to the RBD but not 
competitive with soluble ACE2 (although they 
may be competitive in terms of an array of 
membrane-bound ACE2 molecules interacting 
with an array of S proteins on a virion) are 
generally less potent neutralizers and tend to 
show incomplete neutralization, plateauing well 
below 100% neutralization. The one excep- 
tion is the cross-reactive RBD-B antibody, 
mentioned above. Similarly low potency and 
incomplete neutralization are observed for 
Abs to the S protein that are not reactive with 
recombinant RBD. The cause(s) of these in- 
complete neutralization phenomena is unclear 
but presumably originates in some S protein 
heterogeneity that is either glycan, cleavage, or 
conformationally based. Regardless, the RBD-A 
nAbs that directly compete with ACE2 are 
clearly the most preferred for prophylactic 
and therapeutic applications and as reagents 
to define nAb epitopes for vaccine design. Note 
that, even for a small sampling of naturally 
occurring viral variants, two were identified 
that showed notable resistance to individual 
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potent nAbs to the WA1 strain, which suggests 
that neutralization resistance will need to be 
considered in planning for clinical applications 
of nAbs. Cocktails of nAbs may be required. 

In terms of nAbs as passive reagents, the 
efficacy of a potent anti-RBD nAb in vivo in 
Syrian hamsters is promising in view of the 
positive attributes of this animal model (72) 
and suggests that human studies are merited. 
Nevertheless, as for any animal model, there 
are many limitations, including, in the context 
of antibody protection, differences in effector 
cells and Fe receptors between humans and 
hamsters. The failure of the non-RBD S-protein 
nAb to protect in the animal model is con- 
sistent with its lower potency and, likely most 
importantly, its inability to fully neutralize 
challenge virus. In the context of human studies, 
the following antibody engineering goals could 
be considered: improving the potency of pro- 
tective nAbs by enhancing binding affinity to 
the identified RBD epitope, improving half- 
life, and reducing Fc receptor binding to min- 
imize potential antibody-dependent enhance- 
ment (ADE) effects if they are identified. As 
observed for heterologous B cell responses 
against different serotypes of flavivirus in- 
fection, there is a possibility, but no current 
experimental evidence, that subtherapeutic 
vaccine serum responses or subtherapeutic 
nAb titers could potentially exacerbate fu- 
ture coronavirus infection disease burden by 
expanding the viral replication and/or cell 
tropism of the virus. If ADE is found for 
SARS-CoV-2 and operates at subneutralizing 
concentrations of neutralizing antibodies, as 
it can for dengue virus (73), then it would be 
important, from a vaccine standpoint, to care- 
fully define the full range of nAb epitopes on 
the S protein, as we have begun to do here. 
From a passive antibody standpoint, it would 
be important to maintain high nAb concen- 
trations or appropriately engineer nAbs. 

The nAbs described here have very low 
somatic hypermutation (SHM), typically only 
one or two mutations in the VH gene and one 
or two in the VL gene. Such low SHM may be 
associated with the isolation of the nAbs 
relatively soon after infection, perhaps before 
affinity-maturation has progressed. Low SHM 
has also been described for potent nAbs to 
Ebola virus, RSV, Middle East respiratory 
syndrome coronavirus, and yellow fever virus 
(14-17) and may indicate that the human naive 
repertoire is often sufficiently diverse to re- 
spond effectively to many pathogens with little 
mutation. Of course, nAb efficacy and titer 
may increase over time, as described for other 
viruses, and it will be interesting to see if even 
more potent nAbs to SARS-CoV-2 evolve in 
our donors in the future. 

What do our results suggest for SARS-CoV-2 
vaccine design? First, they suggest a focus on 
the RBD—strong nAb responses have indeed 
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been demonstrated by immunizing mice with 
a multivalent presentation of RBD (78). The 
strong preponderance of non-neutralizing anti- 
bodies and the very few nAbs to S protein that 
we isolated could arise for a number of reasons, 
including the following: (i) The recombinant 
S protein that we used to select B cells is a poor 
representation of the native spike on virions. In 
other words, there may be many nAbs to the 
S protein, but we failed to isolate them because 
of the selecting antigen. (ii) The recombinant 
S protein that we used is close to native, but 
non-neutralizing antibodies bind to sites on 
the S protein that do not interfere with viral 
entry. (iii) The S protein in natural infection 
disassembles readily, generating a strong Ab 
response to viral debris that is non-neutralizing, 
because the antibodies recognize protein 
surfaces that are not exposed on the native 
spike. The availability of both neutralizing 
and non-neutralizing antibodies generated 
in this study will facilitate evaluation of S 
protein immunogens for presentation of 
neutralizing and non-neutralizing epitopes 
and will promote effective vaccine design. The 
design of an immunogen that improves on the 
quality of nAbs elicited by natural infection 
may well emerge as an important goal of 
vaccine efforts (79). 

In summary, we describe the very rapid 
generation of neutralizing antibodies to a 
newly emerged pathogen. The antibodies can 
find clinical application and will aid in vac- 
cine design. 
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GLOBAL CLIMATE CHANGE 


Synchronous timing of abrupt climate changes during 


the last glacial period 


Ellen C. Corrick'?*, Russell N. Drysdale’’, John C. Hellstrom’, Emilie Capron*®, 
Sune Olander Rasmussen®, Xu Zhang®”®, Dominik Fleitmann®, Isabelle Couchoud”", Eric Wolff*° 


Abrupt climate changes during the last glacial period have been detected in a global array of 
palaeoclimate records, but our understanding of their absolute timing and regional synchrony is 
incomplete. Our compilation of 63 published, independently dated speleothem records shows that 
abrupt warmings in Greenland were associated with synchronous climate changes across the Asian 
Monsoon, South American Monsoon, and European-Mediterranean regions that occurred within decades. 
Together with the demonstration of bipolar synchrony in atmospheric response, this provides 
independent evidence of synchronous high-latitude-to-tropical coupling of climate changes during these 
abrupt warmings. Our results provide a globally coherent framework with which to validate model 
simulations of abrupt climate change and to constrain ice-core chronologies. 


limate records from Greenland ice cores 

spanning the last glacial cycle (115,000 

to 11,700 years ago) reveal a series of 

centennial- to millennial-scale cold- 

warm oscillations called Dansgaard- 
Oeschger (DO) events (/-3). In Greenland, 
each event commenced with a rapid tran- 
sition to warm conditions [a “Greenland 
Interstadial” (GI)] followed by a gradual, 
then abrupt, return to a cold climate state [a 
“Greenland Stadial” (GS)] (2, 3). This pattern 
is widely accepted to be associated with changes 
in the strength of the Atlantic Meridional Over- 
turning Circulation (AMOC), which regulates 
interhemispheric oceanic heat flux, as cap- 
tured in the thermal oceanic bipolar seesaw 
theory (4-7). During the DO warm phase, a 
strong AMOC exports heat from the south 
and tropics to the high latitudes of the North 
Atlantic, leading to cooling of the global ocean 
north of the Antarctic Circumpolar Current 
(ACC) and reduced temperatures over Antarctica 
(6). At times of DO cooling, a weakened AMOC 
reduces northward ocean heat transport and 
results in heat accumulation in the Southern 
Ocean, leading to Antarctic warming. These 
changes are broadly reflected in ocean-sediment 
records across the Atlantic (8-10) as far south 
as the mid-latitude South Atlantic, where both 
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surface (4) and deep-ocean signals (77) show a 
similar abruptness and timing to those seen 
in the North Atlantic but of opposite sign in 
surface ocean temperature. Further poleward, 
the abruptness is dampened by the ACC, which 
influences heat flux into and out of the South- 
ern Ocean (4-6). This ultimately leads to less 
abrupt air-temperature changes over Antarctica 
(12), whose onsets lag the Greenland counter- 
parts by around 200 + 100 years (13). The 
Antarctic changes are therefore symptomatic 
of a slow-oceanic response to the abrupt changes 
recorded north of the ACC (6, 14). 

Changes to the cross-hemisphere ocean- 
temperature difference induced by switches 
in AMOC mode drive meridional shifts in the 
atmospheric mean state, particularly the posi- 
tion of the Intertropical Convergence Zone 
(ITCZ) (14, 15). This is most vividly observed 
in terrestrial monsoon records from both sides 
of the equator (16, 17) at times when Green- 
land climate switches abruptly from a stadial 
to an interstadial (called here an “interstadial 
onset”), and is supported by numerical climate 
model outputs (Fig. 1) (18-20). These higher- 
amplitude warming episodes correspond to 
air-temperature increases over the Greenland 
ice sheet of up to 16°C (2D), typically in around 
80 years. Such a strong high-latitude-to-tropical 
teleconnection indicates widespread atmo- 
spheric reorganization at the onset of inter- 
stadials. However, there is uncertainty over 
the exact phasing: Were climate responses 
synchronous between different monsoon re- 
gions, and between the wider tropical realm 
and Greenland? Recent reassessments of ice- 
core data (22, 23) suggest that atmospheric 
changes associated with abrupt warming and 
cooling in Greenland were transmitted more 
or less synchronously as far south as the Ant- 
arctic ice sheet, indicating rapid reorganiza- 
tion of atmospheric circulation. Such bipolar 
synchrony implies that mid-latitude and trop- 
ical regions also responded rapidly as Green- 
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land temperatures changed abruptly. This has 
been the assumption in previous studies (24, 25) 
but has yet to be rigorously tested. Answering 
these questions will deepen our understanding 
of the underlying dynamics of global climate 
teleconnections during abrupt climate changes, 
which serves as a basis to test climate models 
used for future projections (26). 

Testing the large-scale synchrony of stadial- 
interstadial changes to augment the sugges- 
tion of bipolar synchrony is hampered by the 
limited availability of independently dated 
palaeoclimate time series with sufficiently 
constrained chronologies (20 age uncertain- 
ties in the range of decades to centuries). The 
chronologies of many last-glacial records are 
aligned to other marine, ice-core, or speleo- 
them age models under the assumption that 
abrupt events did occur synchronously between 
sites at least to within the resolution of the 
records in question (25, 27, 28). This prevents 
any independent assessments of potential re- 
gional leads and lags between these records (29). 
The current Greenland Ice Core Chronologies 
(GICCO05 and its extension GICCO5modelext) 
(30-32) provide the chronological framework 
for the latest event stratigraphy of abrupt cli- 
mate changes (3), but published age uncertain- 
ties in the annual-layer counting accumulate 
with increasing age, reaching +2600 years at 
60,000 years before 1950 [before the present 
(B.P.)]. Beyond this, age uncertainties of the 
flow-model extension to the chronology, 
GICCO5modelext, are unquantified (32). Thus, 
any comparison of the timing of interstadials 
and stadials between ice cores and other ar- 
chives becomes less certain through time, even 
though the incremental nature of the ice-core 
counting errors produces high-precision con- 
straints on the time difference between suc- 
cessive events—that is, the duration of and 
spacing between events (fig. S1). 


Speleothem records of interstadial onset 


To test the global synchrony of these events, 
we investigated the timing of the abrupt in- 
terstadial onset for 25 major and 28 minor 
interstadial events (3, 33) using 63 published, 
high-resolution, and precisely dated speleothem 
records covering the last glacial period (Fig. 
1 and table S1) (34). Speleothems (secondary 
mineral deposits found in caves) have great 
potential because they can be radiometrically 
dated with great accuracy with uranium-series 
methods to a precision of 0.1 to 1% (20) over 
last-glacial time scales [for example, (35)]. Nu- 
merous speleothem stable oxygen isotope (880) 
records spanning the Northern Hemisphere 
(NH) mid-latitudes to the Southern Hemisphere 
(SH) subtropics capture stadial-interstadial tran- 
sitions, particularly the more pronounced inter- 
stadial onsets, where local precipitation and/or 
temperature changes lead to prominent changes 
in 8'°0 (17, 36, 37). 
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We standardized all speleothem time series 
to avoid methodological bias in age calcula- 
tions and depth-age model construction then 
identified the onset of each interstadial by 
adapting a technique applied to the ice-core 
record (fig. S2) (3, 34). Because of the nature 
of speleothem growth, variability is exhibited 
in the temporal span of each record, with the 
majority covering a few tens of thousands of 
years, although some are much shorter (fig. $3). 
Within a single record, the temporal resolu- 
tion may vary greatly owing to changes in the 
growth rate of the speleothem. All records are 
dated directly by using uranium-thorium (U-Th) 
methods, and each time series is free of syn- 
chronization to any tuning target. The iso- 
tope records for all speleothems are shown in 
data file S3 and provided in data file $7. Of 
the 53 interstadials identified in the ice cores 
(3), 39 could be confidently resolved in at least 
two records in the speleothem dataset, with 
the overwhelming majority of records falling 
into either the Asian Summer Monsoon (ASM), 
the South American Monsoon (SAM), or the 
Europe-Mediterranean (EM) domains (Fig. 1) 
(34). The speleothem 5'°O in these three re- 
gions exhibits well-documented changes across 
interstadial onsets (Fig. 2), with patterns gen- 


30°N 


20°N 


10°N 


erally well reproduced in DO-type transient 
climate-model simulations (Fig. 1, background 
maps). In the ASM domain, warming in the 
North Atlantic is associated with a strengthen- 
ing of both the Indian and East Asian Summer 
Monsoon subsystems, which produces de- 
creased 8'80 values driven by variations in 
rainout, air-mass trajectories, and/or rainfall 
amounts (Fig. 1A) (36-38). The &'°O in the SAM 
domain increases because of the same pro- 
cesses under a weakened monsoon (Fig. 1B) 
(39). This “monsoon-seesaw pattern” over inter- 
stadial onsets is consistent with a northward 
shift of the ITCZ (10, 17). In the EM region, 
the speleothem 5'°O response to interstadial 
onsets is slightly more complex. Sites situated 
around the Alps and western Turkey (Sofular) 
show increased isotopic values (40, 41) as the 
climate warms, which is consistent with the 
dominating temperature effect (Fig. 1C) on 
the 8180 of local precipitation (42), whereas 
seasonal changes in moisture source and the 
source effect cause 5'°O values in northeastern 
Turkey (Karaca) to decrease (43). Around the 
Mediterranean, regional warming increases 
the amount of rainfall reaching cave sites 
(44), leading to decreasing 8'5O values owing 
to the rainfall amount effect (42). This effect 
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Fig. 1. Location of last glacial speleothem records included in the compilation. (A to C) Cave sites for 
records from the (A) Asian Summer Monsoon region, (B) South American Monsoon region, (C) Europe- 
Mediterranean region. Gray triangles and italicized font represent records that were used in the comparison 

but are not represented in the age estimates for the synchronous events shown in Table 1. Reference to the 
numbering is provided in table S1, which shows the complete list of speleothem records and citation to the original 
publication. Shaded backgrounds are composite anomalies of [(A) and (B)] annual mean precipitation and (C) 
surface air temperature between interstadial and stadial states in DO-type transient experiments (19, 20, 34, 52). 
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also occurs in the eastern Mediterranean, where 
it may be modified by changes in local seawater 
8'°O composition related to higher Nile dis- 
charge (45). The abruptness of speleothem 
8'5O change at the onset of the interstadials 
(Fig. 2) is, in most cases, comparable with what 
is observed in the ice-core record (47), when 
accounting for differences in temporal reso- 
lution, speleothem age-model uncertainties, 
and the smoothing of atmospheric signals in 
speleothems due to groundwater transport 
and mixing processes in the karst aquifer (46). 


Testing the synchrony of interstadial onset 


In restricting our comparison to the three re- 
gions best represented by the speleothem data, 
we first tested the intraregional synchrony 
of an interstadial onset, hypothesizing that 
abrupt changes within a single region should 
be recorded practically simultaneously by speleo- 
thems at each cave site. Second, we tested the 
synchrony between the three regions for each 
interstadial onset. We assessed the degree of 
intra- and interregional synchrony using the 
reduced ~ statistic, known in geochronology 
as the mean-square weighted deviation (MSWD) 
(47, 48), which tests whether a group of radio- 
metric ages belong to a single population (34). 
Where we found statistical agreement between 
speleothem ages from the same region, we 
calculated the error-weighted mean (EWM) 
(34) and assigned this as the “regional age.” 
These regional ages were used to test the 
synchrony between regions and to derive a 
composite speleothem age for each inter- 
stadial onset in cases for which data from 
multiple regions were available. These age 
estimates for interstadial onsets form the 
Speleothem Interstadial Onset Compilation 
data set (SIOC19). We also assessed the ex- 
tent to which an age estimate for the timing 
of an interstadial onset based on data from 
only one region could be used as a wider 
event-age indicator. We then compared the 
SIOC19 age estimates for each interstadial on- 
set with their timing in the ice-core GICC05 
and GICCO5modelext chronologies (3). Last, we 
investigated the regional age offset over inter- 
stadial onsets for which two or more speleothem 
records from the same region were available. 
For 34 of the 37 interstadials recorded in 
multiple speleothem records, there is strong 
intraregional agreement (within 20 uncer- 
tainties), comprising cases in which one (nine 
interstadials) or multiple (25 interstadials) 
regions are represented (Fig. 2, fig. S4, and 
table S2). The three remaining onsets (into in- 
terstadials 12a, 14e, and 23.1) show disagree- 
ment within all of the represented regions 
[the MSWD lies outside the accepted range 
(34)], and we assigned an indeterminate result 
to these (table S2D). Three of the 34 transi- 
tions show disagreement within one or more 
of the regions represented (interstadials 4, 
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ASM and EM; 12c, ASM; and 24.2, ASM), so we 
excluded the data from the anomalous region 
from further (interregional) comparisons (table 
S2, A and B, region listed as “unresolved”). The 
strong overall intraregional agreement validates 
the assumption of intraregional synchrony. This 
enables us to treat the records from each region 
as a single population and combine them into 
a single regional age, based on the EWM, with 
a reduced uncertainty relative to the individ- 
ual records. It is likely that statistically signifi- 
cant age differences within a region may be 
due to either sample and/or site-specific pro- 
cesses affecting the registration of the climate 
signal (for example, competing mechanisms 
driving local §'°O) or chronological issues such 
as undetected growth hiatuses, uranium leach- 
ing (49), and/or suboptimal positioning of 
U-Th age or stable isotope samples. 

In comparing the regional EWM ages, we 
found strong evidence of synchronous onset 
for 23 of the 25 interstadials for which we 
were able to make interregional comparisons 
(Fig. 2; Table 1, entries denoted with an asterisk; 
fig. S4; and table S2). In the case of onsets 
younger than 40,000 years B.P., the difference 
in the mean age between any region represented 
by multiple speleothem records (thus giving 
greater confidence and narrowing the regional 
uncertainty) ranges from 3 to 72 years (table 
$2), with an uncertainty that spans zero. This 
indicates that the onset of interstadials is 
likely synchronous within decades. It also 
highlights that the major limiting factor in 
deriving more precise constraints of event syn- 
chrony is related to the magnitude of the U-Th 
dating errors of individual speleothem records 
rather than scatter in the ages themselves. 


Fig. 2. Stable isotope records of individual speleo- 
thems for each interstadial onset. (A and B) Each 
speleothem record displayed has met screening and 
event identification criteria (34) and is color-coded 
according to region (EM, orange; ASM, blue; and 
SAM, purple). All records are plotted on the recalculated 
chronology (34). Plots are provided for interstacial 
onsets found to be (A) synchronous and (B) non- 
synchronous. (A) includes interstadials for which we 
have data from only one region. The North Greenland 
Ice Core Project (NGRIP) 3!°0 series on the GICCO5 
or GICCO5modelext chronology is plotted in black, with 
each event position (3) indicated with a red square. The 
corresponding event position in each speleothem record 
is indicated with a solid black circle (timing and 
uncertainty are provided in data file Sl). Markers with 
error bars at the top of (A) and (B) indicate the age and 
26 uncertainty of the interregional age estimate 
(brown) and intraregional age estimates (EM, orange; 
ASM, blue; and SAM, purple). Lettering provides the 
name of each speleothem record. The full details and 
original reference for each record are provided in table 
S1. VPDB, Vienna Pee Dee belemnite; SMOW, standard 
mean ocean water; kyr, thousand years. 
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The onset of the two interstadials that are 
not recorded synchronously between regions 
are those to interstadial 15.1 (recorded 334 + 
185 years earlier in the EM compared with 
the ASM) and interstadial 23.2 (recorded 716 + 
287 years later in the EM compared with the 
ASM); in both cases, there were no high-quality 
records from the SAM region (Fig. 2B and table 
S2C). These anomalies could reflect a genuine 
asynchrony, implying that these interstadials are 


of an unusual nature in the context of the other 
23. However, such asynchrony may reflect varying 
sensitivity to these short-lived interstadials, which 
is also suggested by some structural difference 
to the very sharp peaks in Greenland. The re- 
gional lead-lag is not consistent, however, so does 
not suggest a systematic regionally asynchronous 
response to interstadials of this type. 

Given that the great majority of interstadial 
onsets tested for interregional synchrony (23 


Table 1. The timing of each interstadial onset in the combined speleothem records (SIOC19) and 
the corresponding ages in the Greenland ice-core chronology. The combined speleothem age is 
the error-weighted mean (and the corresponding 20 uncertainty) of multiple individual speleothem 
records that have been grouped at a regional level (Asian Summer Monsoon, South American Monsoon, 
and Europe-Mediterranean regions). n denotes the total number of speleothem records contributing to 
the age. The corresponding GICCO5/GICCOS5modelext age (3) is shown, including the maximum 
counting error for the annual layer-counted section (back to 60,000 years B.P.). No errors are shown 
beyond 60,000 years B.P. because the uncertainty on this section of the chronology (GICCO5modelext) 
is not quantified (32). The age difference between the ice core and composite speleothem ages is 
given as both a percentage and absolute difference. The ages in GICCO5 are from (3) and were identified 
in a 20-year resolution multicore ice-core dataset. All ages are reported in years B.P. (before 1950). 


Interstadial Combined n GICC05/ Age Age difference 
number speleothem GiCCO5modelext age difference (%) (years) 
SI0C19 age 
14,646 + 34* 14,642 + 186 
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*All three regions are represented by the corresponding speleothem records. 
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out of 25) show chronological agreement, it 
is reasonable to assume that an EWM age 
estimate for an interstadial onset in which 
only a single region is represented (the case 
for nine interstadials) (Table 1, entries denoted 
with “t+”, and table S2B) is also indicative of 
a transition’s broader timing. We tested this 
assumption by comparing the spacing of con- 
secutive interstadial onsets in the speleothems 
with the corresponding annual-layer-counted 
intervals in the GICCO5 ice-core chronology 
(Fig. 3) (3, 31, 50). As noted above, although 
the precision on the absolute ages of the 
GICC05 chronology decreases back in time, 
the interval between the onset of consecutive 
interstadials over the layer-counted section 
(0 to 60,000 years B.P.) can be estimated with 
relatively high precision [the average 2[o] er- 
ror for all consecutive intervals in this period 
is 5.0 + 1.3 (1[o]) (Fig. 3 and fig. S1). Inter- 
stadial duration estimates based on the SIOC19 
age estimates (including those based on data 
from only one region) agree within uncertain- 
ty with those from the GICCO5 chronology, 
with the exception of one interval out of 22 
(interval 12c to 11, GICCO5 estimate 3520 + 176 
years, SIOC19 3886 + 158 years) (Fig. 3). Beyond 
the layer-counted section (>60,000 years 
B.P.), only two out of nine intervals show 
discrepancies outside of the uncertainty estimate 
of SIOCI9 (interval 19.2 to 18, GICCO5modelext 
8240 years, SIOC19 6998 + 312 years; interval 
18 to 17.2, GICCO5modelext 4660 years, SIOCI9 
5107 + 273 years) (Fig. 3). Overall, however, the 
agreement between SIOC19 and the GICCO5 
and GICCO5modelext chronologies for the du- 
ration of consecutive interstadials validates 
the accuracy of the relative ages (within uncer- 
tainties) of the single-region estimates and 
thus their inclusion alongside the multiregional 
EWM ages. Nevertheless, we suggest that the 
timing estimates of interstadial onsets based 
on data from only a single region (denoted by t+ 
in Table 1) should be treated cautiously until 
they are verified by additional high-quality 
speleothem records from other regions. 
The regional speleothem ages of intersta- 
dial onsets from three geographically diverse 
areas being likely synchronous to well within a 
century suggests that the timing should agree— 
within the same uncertainty—with correspond- 
ing events in Greenland. We next evaluated the 
GICC05 and GICCOS5modelext chronologies by 
comparing speleothem and ice-core ages for 
the 32 interstadials in Table 1. The multiregion 
(23 interstadials) and single-region (nine inter- 
stadials) speleothem age estimates are all within 
1.1% of the ice-core mean ages (Table 1 and fig. 
S6A). Three of the four largest offsets (20c, 19.2, 
and 18) are observed beyond the layer-counted 
interval (fig. S6A), for which ice-core chronolog- 
ical control is less secure owing to uncertainties 
associated with the glaciological modeling that 
underpins this section (GICCO5modelext) (32). 


4 of 7 


RESEARCH | RESEARCH ARTICLE 


We do not detect any systematic GICC05-to- 
SIOCI9 age difference that could be linked to 
either background climate state or interstadial 
duration, amplitude, and rate of warming (fig. 
S6, C to F). 

Because the interstadial onsets captured by 
the speleothems are sufficient in number and 
encompass the entire range of interstadial 
types for the last glacial period (for example, 
including longer-duration events and rebound- 
type events), they can therefore be regarded as 
a representative sample of the population of all 
last glacial interstadial onsets. On the basis of 
this assumption, we quantified the GICC05- 
to-SIOC19 age difference across all 23 events 
younger than 60,000 years using robust re- 
gression (GICCO5 versus SIOC19 ages) (34). 
The regression yields a slope of 1.000 and 
ay intercept (mean age difference) of -48 
(-160/+240) years (fig. S6B), providing com- 
pelling evidence that the speleothem and 
ice-core ages agree to within, at a maximum, a 
couple of centuries. These radiometric-age com- 


parisons provide strong support for the accu- 
racy of both the GICCO5 and GICCO5modelext 
chronologies throughout the duration of the 
last glacial period and suggest that the quoted 
uncertainties are too conservative. On the 
basis of our time points for the time period, 
we do not find strong support for GICC05 
being too young over the period 45,000 to 
15,000 years B.P. as is suggested by linking the 
GICCO05 and U-Th time scales through the use 
of cosmogenic radionuclides (57), nor can we 
confirm the 0.63% counting bias correction 
found by correlation to Hulu cave U-Th dates 
during the dating of the West Antarctic Ice 
Sheet (WAIS) Divide ice core (24). Such differ- 
ences may arise because of the methodological 
approach, including the choice of detrital- 
thorium correction and depth-age modeling 
(34). The effect of compiling multiple speleo- 
them records is also likely to be substantial, 
in that the influence of potentially younger or 
older individual records is not as dominant. 
Our study also looks across the whole of the last 


[] a Speleothem 
; | @ GICCOS 
' | O GICCO5modelext 


Event-to-event duration (kyr) 


13c - 13a] 
14c - 13¢ 


gua NDTONONGQ OOTY 
cS COD KT Ogata 
Tro eRe ete NENT 
a LT rT Tat en yan 
yo! By POASer sto ha 
STR eONTBNr ree ase 
Sol tne ABN. st oct 
2 


BOGS 2402 ens ree peace 


le enn i 


Bracketed interstadial events 


Fig. 3. Years between the onset of consecutive interstadials. The time interval between the onset of 
consecutive interstadials in the GICCO5/GICCO5modelext chronology is compared with the corresponding 
interval based on the SIOC19 ages. Error bars represent the 20 age uncertainties on the interval. For the 
GICCO5 chronology, this was calculated as the change in the accumulated layer-counting uncertainty between 
events (fig. S1); errors are not shown for events within the GICCOSmodelext section because they are not 
quantified (32). For the speleothems, the error bar is the uncertainty of the consecutive SIOC19 age estimates 
in quadrature. The timing between interstadial onsets is shown for those interstadials demonstrated to be 
synchronous in the speleothems, including estimates based on data from only one region. 
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glacial period rather than subsections or the 
individual temporal span of selected records. 

Although overall synchrony between indi- 
vidual monsoon regions, and between Europe 
and the monsoon regions, has been assumed 
[for example, (25, 47)], it has yet to be fully 
tested quantitatively. To examine this further, 
we undertook two steps. First, we computed 
the EWM (and 95% uncertainties) of the differ- 
ences between the Asian and South American 
Monsoon speleothem age estimates for each 
interstadial onset, where a 0 mean would indi- 
cate perfect synchrony (table S3A). We included 
only the interstadial onsets in which both 
monsoon regions were represented by two or 
more speleothem records (the case for eight 
interstadials) on the grounds that multiple 
speleothem records for an onset provide a 
more robust age estimate. The results give 
an EWM age difference (ASM minus SAM) of 
19 + 113 years (MSWD = 0.26) [Fig. 4A, blue 
probability density function (PDF) curve, and 
table S3A]. This strong degree of synchrony 
suggests that the ASM and SAM regions can be 
treated as a single category to yield “monsoon” 
EWM ages (and 95% uncertainties). Second, 
we then determined the age difference between 
the EM and combined monsoon regions for the 
same onsets. There are six interstadials (3, 8c, 9, 
10, 12¢, and 13c) for which there are at least two 
records from the EM region and at least two 
monsoon records (regardless of their origin). 
The mean onset-age difference and uncer- 
tainty (EM minus Monsoon) is 25 + 84 years 
(MSWD = 0.90) (Fig. 4A, red PDF curve, and 
table S3B). This implies that the 95th percentile 
EM lead and EM lag over the monsoon regions 
is 109 and 59 years, respectively. 


Comparison with model output 
and implications 


We then compared the regional phasing of 
the onset of interstadials as indicated by the 
speleothems with modeling simulations and 
previous research (12, 13, 15, 23) to attain an 
overall picture regarding global climate tele- 
connections during an abrupt interstadial onset 
associated with AMOC recovery. We used long- 
term North Atlantic hosing experiments (52), 
in which a ~0.2 sverdrup freshwater flux was 
released to the Ruddiman Belt for 1000 years 
to mimic a cold “stadial” climate state. As the 
freshwater flux is removed at the 501st model 
year (1st model year in Fig. 4), the AMOC starts 
increasing instantly and reaches its “interstadial” 
state within a century (Fig. 4). We acknowledge 
that other forcing factors (such as ice-sheet 
height and atmospheric CO.) are also able to 
mimic DO-type abrupt AMOC changes (19, 20), 
and freshwater flux may not be a realistic forc- 
ing factor for all interstadials (for example, 
those that follow non-Heinrich stadials). How- 
ever, freshwater forcing is the ideal surrogate 
to evaluate the role of AMOC changes on the 
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Fig. 4. Spatial synchrony 
of climate changes 
during interstadial 
onsets. (A) PDFs of spatial 
age offsets between the 
two monsoon regions (ASM 
minus SAM, blue) and 
between Europe and both 
monsoon regions (EM 
minus Monsoon, red) 
based on composite 
speleothem data (table 
S3). Also shown (brown) 

is the previously 
determined offset 

between the WAIS ice 
core 8'80 and NGRIP 8'80 
(13). (B to K) Simulated 
climate changes in a 
DO-type hosing simulation, 
each expressed as 
anomalies from the mean 
of the simulation (fig. S6 
and table S4) (34). (B) 
AMOC index (defined as 
maximal meridional stream 
function at the water 
depth of 1500 to 3000 m 
north of 45°N in the 

North Atlantic). (C) Annual 
mean surface air temper- 
ature over the NGRIP 
drilling site (NGRIP MAT). 
(D) Annual mean surface 
air temperature over 

the Europe-Mediterranean 
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(1) Southern Annular Mode 

index reflecting changes 

in sea-level pressure from 20°S to 90°S. (J) Annual mean SST in the Atlantic sector of the Southern Ocean 
(55°S to 75°S, 60°W to 10°E). (K) MAT over West Antarctica (75°S to 82°S, 90°W to 135°W) taken to be 
representative of the WAIS ice core site. Yellow shading indicates the period of fast atmospheric response in 
which the Atlantic ITCZ starts migrating toward the subtropical North Atlantic. Pink shading indicates the 
period of further strengthening of the AMOC and NH warming. Blue shading indicates the start of the AMOC 
interstadial mode. The gray series are raw model outputs, and the color series are 11-year running averages. 
The black dotted lines are model series derived from the application of a Bayesian, least-squares change- 

point analysis (58) to each raw time series. For (B) to (K), the x axis shows model years, with year 1 reset 

to the year of the removal of the freshwater flux (34). For (A), the year scale refers to the age offset for 

each PDF. The NGRIP-WAIS PDF curve is therefore in its approximate correct position with respect to the 
model-year scale in (B) to (K) (34). 
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spatial phasing of climate changes (53) because 
changes in ice-sheet height and atmospheric 
CO, will exert additional regional and global 
climate responses that are not associated with 
AMOC changes (fig. S7) (19, 20, 34). 

The climate response to AMOC reinvigora- 
tion expressed in the modeled regional climate 
anomalies is consistent with the observations 
from the regional array of speleothems (Fig. 4). 
Furthermore, the degree of synchrony shown 
by the speleothems between the ASM and SAM 
and between EM and the combined Monsoon 
agrees with the timing of modeled regional 
precipitation and temperature anomalies in the 
Monsoon and EM, respectively (Fig. 4). On the 
basis of this, we can summarize the pattern of 
climate changes during the interstadial onsets 
in three stages (Fig. 4, B to K). At the beginning, 
AMOC recovery (Fig. 4B) will lead to an initial 
warming anomaly in the northern North 
Atlantic (Fig. 4, C and D), causing thermal 
asymmetry between the North and South 
Atlantic. This would drive a fast atmospheric 
response in which the Atlantic ITCZ starts 
migrating toward the subtropical North Atlantic 
(Fig. 4, yellow shading). As the AMOC is 
strengthened further, the entire NH warms, 
pulling the ITCZ further northward globally 
(Fig. 4, E to H, pink shading). This strengthening 
and weakening of the ASM and SAM, re- 
spectively, leads to the observed respective 
decrease and increase in speleothem 8'°O 
records (37-39). Over Europe and the Med- 
iterranean, warming drives increased speleo- 
them 8!°O at sites where the local rainfall 
8'50 is most sensitive to mean atmospheric 
temperature changes (40, 47) and lower 
speleothem 8/90 at sites where warmer ocean 
temperatures drive higher rainfall amounts 
(44). Meanwhile, Antarctica starts perceiving 
the northern signal by way of the atmospheric 
bridge (6, 22). This is evident in the model 
output of changes to the Southern Annular 
Mode index, a proxy for meridional changes in 
the position of the westerlies: As interstadial 
onset commences, and the ITCZ shifts north- 
ward, the index becomes more negative over a 
similar time frame to the ITCZ changes (Fig. 41). 
This is consistent with a northward migra- 
tion of the southern mid-latitude westerlies 
and supports the conceptual model proposed 
by (23) to explain the changes in the d-excess 
of Antarctic ice across the warming transi- 
tions. Once the AMOC reaches interstadial 
mode (Fig. 4, blue shading), atmospheric cir- 
culation assumes its interstadial mean state, 
leading to a cascade of processes that alters 
heat transport across the ACC, leading to an 
Antarctic temperature decrease (Fig. 4K) (6) 
that lags the AMOC recovery [and Greenland 
warming (Fig. 4C)] by approximately 200 + 
100 years (Fig. 4A, brown PDF curve) (73). The 
compilation of precise speleothem records 
now lends support to this pattern of changes 
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and provides crucial empirical evidence for 
the synchronous response to these changes in 
the mid-latitudes. 

The SIOC19 age estimates (Table 1) consti- 
tute the most precise, absolute dating of inter- 
stadial onsets yet produced. Using the full 
range of interstadial types across the whole 
last glacial period, and incorporating as much 
speleothem information as possible from the 
target regions, we demonstrate that synchro- 
nous climate changes (within a century) oc- 
curred between Europe and the Asian and 
South American monsoon domains at the 
onset of interstadials. A similar level of syn- 
chrony is observed between Europe and both 
monsoon regions (Fig. 4A). Given the prox- 
imity of Greenland to EM, compared with the 
proximity of the EM to both monsoon domains, 
it is highly likely that such synchrony extends 
across the North Atlantic to Greenland. A 
recent comparison, based on four speleothem 
records, of interstadials in the latter part of 
the last glacial (<45,000 years B.P.) also shows 
the timing of the onset to be synchronous 
within uncertainties (57). Our findings are also 
consistent with a previous study of a single 
interstadial, where synchrony between tropi- 
cal (using methane as a proxy) and Greenland 
temperatures took place within 24 years (54). 
Thus, our study strongly supports the long- 
held, but theretofore untested, assertions of 
practically synchronous high-latitude-to-tropical 
climate changes during abrupt interstadial on- 
sets (24, 25, 28). Recent results from Antarctica 
suggest that changes in the source location of 
moisture reaching the ice sheet were abrupt 
and occurred within decades of DO warmings 
(and coolings) in Greenland (22), implying 
an interpolar atmospheric teleconnection. Our 
results provide crucial, independent support- 
ing evidence of near-synchronous atmospheric 
propagation of abrupt climate changes during 
interstadial onsets that were global in scale by 
providing spatial detail between the NH mid- 
latitudes and the SH subtropics. 

The prospect of future abrupt climate change 
due to anthropogenic forcing, and the impor- 
tance of reliable climate-model predictions, 
has brought past abrupt changes, such as DO 
events, into sharp focus in recent years. Our 
study provides precise chronological informa- 
tion on the timing of climate changes during 
stadial-interstadial transitions, reveals the wide- 
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spread synchrony of their response, and pro- 
vides radiometric validation and constraint for 
refining ice-core chronologies. The triggering 
mechanism for DO events (and the associated 
AMOC changes), however, remains an open 
question, and discriminating between external 
forcing (such as ice-sheet height, greenhouse 
gases, meltwater, and volcanism) (18-20, 55, 56) 
and “self-oscillation” mechanisms (57) as driv- 
ers of AMOC-mode transitions rests with future 
studies that take advantage of state-of-the-art 
Earth-system models and well-dated, high- 
resolution palaeoclimate records. 
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Asymmetric remote C-H borylation of aliphatic 
amides and esters with a modular iridium catalyst 


Ronald L. Reyes, Miyu Sato’, Tomohiro Iwai, Kimichi Suzuki*?, 


Satoshi Maeda’”, Masaya Sawamura’?* 


Site selectivity and stereocontrol remain major challenges in C-H bond functionalization chemistry, 
especially in linear aliphatic saturated hydrocarbon scaffolds. We report the highly enantioselective and 
site-selective catalytic borylation of remote C(sp°)-H bonds ¥ to the carbonyl group in aliphatic 
secondary and tertiary amides and esters. A chiral C-H activation catalyst was modularly assembled 
from an iridium center, a chiral monophosphite ligand, an achiral urea-pyridine receptor ligand, and 
pinacolatoboryl groups. Quantum chemical calculations support an enzyme-like structural cavity formed 
by the catalyst components, which bind the substrate through multiple noncovalent interactions. 
Versatile synthetic utility of the enantioenriched y-borylcarboxylic acid derivatives was demonstrated. 


liphatic carboxylic acids constitute one 
of the most fundamental and widespread 
compound classes in nature and serve 
as major feedstock chemicals. Metal- 
catalyzed activation and functionaliza- 
tion reactions of unactivated C(sp?)-H bonds 
in the saturated hydrocarbon frameworks of 
these substances have emerged as a straight- 
forward methodology to access valuable chem- 
icals and build up molecular complexity (/-10). 
Among those, the reactivities of B-C(sp*)-H 
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Fig. 1. Proximal and distal A 
functionalizations of C-H 
bonds. (A) Conceptual 
framework in the function- 
alization of both proximal 

and remote C-H bonds. 

(B) Our proposed strategy 

for the borylation of a 

remote C(sp°)-H bond in 
aliphatic carboxylic acid 
derivatives. B 


co) Dynamic Coordination 
B of Substrate 


Chiral Ligand 
(L*) 


Enantioselective C(sp?)—H borylation 
of 2-alkylpyridines 
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X = OH, OR, NHR, NR, 


(1-6) bonds or y-C(sp”)-H bonds (7-10) have 
been demonstrated under chelation-assisted 
strategies to form five- or six-membered metal- 
lacycles, respectively (Fig. 1A). In the y-C-H 
functionalizations, however, the targeted C-H 
bonds belonged to terminal methyl groups 
branching from the aliphatic chains of the 
substrates. Thus far, the activation and subse- 
quent functionalization of remote y-methylene 
C-H bonds remain elusive, and hence their 
enantioselective transformations are highly 
challenging (Fig. 1A). The pioneering work 
of Breslow in the development of P-450 mim- 
ics for the hydroxylation of remote C(sp®)-H 
bonds in steroids using cyclodextrin-modified 
metalloporphyrins (17) inspired the creation 
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R-CH5-CH,-CH»-CH>-CH,-CH, 


Remote C(sp)-H borylation of 
carboxylic acid derivatives 


of various biomimetic systems (12, 13). Despite 
the conceptual advances of these systems, 
the elaborate preparations and limited sub- 
strate scopes hinder their utility in organic 
synthesis. 

As another challenge for C-H activation, re- 
mote C(sp”)-H bond activation in arenes has 
also gained momentum recently. For instance, 
Yu reported the remote C(sp”)-H alkenylation 
of 3-phenylpyridines enabled by a template 
that binds to two metal centers (74). Kanai and 
Kuninobu introduced receptor ligands com- 
posed of a bipyridine metal-chelation moiety, 
derived from a well-established C-H borylation 
catalyst (15, 16), linked by an aromatic spacer 
to a urea-based hydrogen-bonding moiety, re- 
sulting in excellent regioselectivity for the Ir- 
catalyzed meta-selective C(sp)-H borylation 
of benzamides and esters (17). More recently, 
Phipps demonstrated the viability of using ion- 
pairing interactions between a chiral cation 
and an anionic group linked to a bipyridine 
ligand bound to the iridium center for the 
desymmetrization of geminal diaryl motifs 
through meta-selective and enantioselective 
C(sp”)-H borylation (8). 

We recently developed an enantioselective 
borylation of unactivated methylene C(sp”)-H 
bonds in 2-alkylpyridines (19) (Fig. 1B) with 
bis(pinacolato)diboron (pinB-Bpin) and fur- 
ther extended the reactivity to the enantio- 
selective borylation of N-adjacent C(sp®)-H bonds 
in carboxamides and related compounds (20). 
We proposed that this catalytic system, con- 
sisting of a chiral monophosphite ligand (L*) 
(21) and tris(boryl)iridium Ir(Bpin)3 (75, 16), 
generates a binding cavity resembling an en- 
zyme active site. The Ir catalyst recognizes the 
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pyridine moiety of the substrate through n/n 
interactions with one of the naphthalene rings 
of the phosphite, coupled with C-H/z and 
nonclassical C-H---O hydrogen bonds. This 
coordination leads to the differentiation of 
enantiotopic C(sp*)-H bonds (5, 6). Inspired 
by this reactivity and the outcome of quan- 


tum chemical calculations, we envisaged that 


the metal-coordinating pyridine and the metal- 
activated C-H bond site linked intramolecu- 
larly within the chiral catalytic pocket might 
be replaced with a heterodimer composed of 
a pyridine-based receptor ligand with a nonco- 
valent interaction donor moiety and a C(sp*)-H 
borylation substrate with a complementary 
functional group (Fig. 1B). Here, we report that 


pinB—Bpin, 0.30 mmol 
[Ir(OMe)(cod)]>, 1.5 mol% 


ee eee 


(R,R)-L*, 3.0 mol% 


RL, 3.3 mol% 
Ph = 2,6-lutidine, 0.75 equiv 


1a,1.0 equiv 


PhMe/CPME 1:1, 2 mL 


temp. °C, 48 h 


a modular approach for producing a chiral 
catalyst (22, 23) using a new urea-pyridine 
receptor ligand (RL) in combination with 
the chiral monophosphite-Ir catalyst system 
[Ir(Bpin)3-L*] led to the discovery of the highly 
enantioselective C(sp®)-H borylation of ali- 
phatic carboxylic amides and esters that oc- 
curs specifically at the y-methylene group. 


or a a 7° \; tk - ite Me Ny Me 
o oO oy Ng 7 re | Zz 
pinB—Bpin 2,6-lutidine 
OMe )(cod)]p receptor ligand (RL) 
entry RL 2,6-lutidine temp. °C yield of 2a, %* ee % 
1 + + 25 99 >99.9 
2 + 4: 40 75 90 
3 + + 60 51 89 
4 + + 80 38 87 
5 - + 25 0) - 
6 + — 25 87 89 
7t + + 25 39 85 
8+ + + 25 0 - 
Bpin O 
fl ‘ Me B N@~Ph ! 
Se 


14%, B-borylation (4) 
0%, y-borylation (2a) 


Fig. 2. Enantioselective y-C—H borylation of 1a catalyzed by an Ir-L*-RL 
system. Conditions: 1a (0.30 mmol), [lr(OMe)(cod)]2 (1.5 mol %), L* (3.0 mol %), 
urea-pyridine ligand RL, U1-3 (3.3 mol %), pinB-Bpin (1 equiv), 2,6-lutidine 

(0.75 equiv), PhMe/CPME 1:1 (2 ml), temperature as stated above. In the cases 
when U1-3 were used, the reactions were conducted at 25°C, 48 hours, in PhMe/ 
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trace, B-borylation (4) 
17%, y-borylation (2a) 
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0%, B-borylation (4) 
12%, y-borylation (2a) 


CPME 1:1 (2 ml). (+) and (-) indicate the presence or absence of RL or additive 
in the catalytic reaction, respectively. *Yields of 2a and 4 determined by 1H NMR. 
Reaction with 6 mol % RL. *Reaction conducted in the absence of L* using 

6 mol % RL. Conditions for the oxidation of 2a to 3a: NaBO3-4H20 (3.0 equiv), THF 
(tetrahydrofuran)/H20 1:1 (2 ml), room temperature, 3 hours. 
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Preliminary molecular modeling based on 
our previous computational work (19) on the 
enantioselective borylation of 2-propylpyridine 
predicted that a simple urea-pyridine conju- 
gate with an ortho-phenylene linker connected 
to one of the N atoms of urea and the 3-position 
of the pyridine such as RL would produce a 
chemical space suitable for the binding of 
aliphatic carboxylic acid derivatives that posi- 
tioned one of the y-C-H bonds in proximity to 
the Ir center (Fig. 1B). We then synthesized RL 
and found its exceptional utility as a recep- 
tor ligand to create an enantioselective y-C-H 


borylation catalyst. 


Fig. 3. Substrate scope 
of the enantioselec- 
tive y-methylene C-H 
borylation and product 
transformation. Reac- 
tion conditions for 

(A) to (D) Substrates 


A Secondary amides 


Specifically, the reaction between N,N- 
dibenzylhexanamide 1a (0.3 mmol) and pinB- 
Bpin (1 equiv) in the presence of 2,6-lutidine 
additive (0.75 equiv) and an iridium cata- 
lyst prepared in situ from [Ir(OMe)(cod)]z 
(1.5 mol %), L* (3 mol %), and RL (3.3 mol %) 
in toluene (PhMe)/cyclopentyl methyl ether 
(CPME) mixed solvent (PhMe/CPME 1:1, 2 ml) 
at 25°C over 48 hours occurred with complete 
substrate conversion and with exclusive site 
selectivity (>99:1) at the remote position y to the 
carbonyl group of the aliphatic chain to produce 
alkylboronate 2a [99% ‘H nuclear magnetic 
resonance (NMR) yield]. Virtually perfect 


B Esters 
R = ‘Bu 89%, 93% ee 
R=Ph 91%, 98% ee 
R=PhCH, 82%, 98% ee 


R=1-Naph 85%, 95% ee 


lb-y, 5a-d (0.30 mmol), 
pinB-Bpin (1 equiv), 
[Ir(OMe)(cod)]2 (L5 mol %), 
L¥ (3.0 mol %), RL 


(3.3 mol %), PhMe/ 3i 
CPME 1:1 (2 ml), 25°C, 3] R=Et 
48 hours. For the reactions 


of lv and 5a-d, the 31 =R 
reaction time was 


= 'Pr 
3m R= 


R=Me 81%, 94% ee 
65%, 92% ee 
3k R=Hex 77%, 92% ee 
78%, 
‘Bu 80%, 94% ee 


fe) 
ew 
OH R2 
3n R'=Cy, R?=Me 
87%, 93% ee 


30 R'1=R2=Cy 
81%, 95% ee 


3q X=O0 


94% ee 


OH 
3p X=CHy 92%, 92% ee 


3r X=NMe 80%, 92% ee 


enantiocontrol was obtained as judged by high- 
performance liquid chromatography (HPLC) 
analysis of the corresponding secondary alco- 
hol [(R)-8a, >99.9% enantiomeric excess (ee)] 
(Fig. 2, entry 1) (see table S4 for solvent effects). 

The reactivity was hampered and the enantio- 
control was notably diminished by increasing 
the reaction temperature from 25°C over a 
range up to 80°C (Fig. 2, entries 1 to 4, no 
side product was detected). The observed neg- 
ative temperature-reactivity correlation is sup- 
portive of the postulated substrate binding 
through the urea-carbonyl hydrogen bond- 
ing, which should be less favorable at higher 


2f R=Et 
2g R='Bu 
2h R=PhCH, 


80%, 90% ee 
78%, 93% ee 
83%, 95% ee 


N 
ee 
73%, 92% ee 


te 


3t 87%, 96% ee 


56 hours. Yields are 
those for the isolated 
products (2b-h, 3i-y, 
6a-d). Conditions for the 
oxidation reaction in the 
case of tertiary amides: 
NaBO3-4H20 (3.0 equiv), 
THF/H20 1:1 (2 ml), 
room temperature, 

3 hours. (A) Secondary 
carboxamides, (B) ester 
derivatives, (C) tertiary 
amides, and (D) aliphatic 
carboxylic acid deriva- 
tives with different alka- 
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noyl groups. (E) Gram- 
scale preparation of 
(R)-2c (Ir-L*: 1 mol %) 
and its derivatizations. 
DABCO, 1,4-diazabicyclo 
[2.2.2]octane. NBS, 
N-bromosuccinimide. 
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H»N-DABCO, KO'Bu Me 

THF, 80 °C, 1h 
then Ac,O 
80°C, 1h 


oe 


n- NS NBS 
THF, —78 °C to r.t. 


(R)-10 76%, 98% ee 
y-alkyl-y-aminobutyric acid 


(GABA) derivative 


(R)-11 
64%, 97% ee 
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temperature. The borylation did not pro- 
ceed at all in the absence of RL (entry 5). 
Unfavorable effects on the yield and enantio- 
selectivity were apparent in the absence of 
2,6-lutidine (entry 6) in accord with our prior 
works (19, 20). Increasing the RL loading 
(6 mol %) led to diminished yield and en- 
antioselectivity (entry 7). The absence of L* in 
the presence of RL (6 mol %, two equiv to 
Ir) fully impeded the reaction (entry 8). The 
catalytic reaction of la using the antipode 
of the ligand, (S,S)-L* gave the identical re- 
sult but with the opposite absolute configura- 
tion of the product. 

Effects of the structure of the urea-pyridine 
ligands are also summarized in Fig. 2 (see fig. 
S1 for the effects of other derivatives). The use 
of a pyridine-urea ligand (U1) with a methyl- 
ene linker at the pyridine 2-position instead of 
RL redirected the site selectivity toward the 
borylation of a proximal B-methylene C-H 
bond (14% *H NMR yield for 4). Changing the 
linker from the methylene group in U1 back 
to the ortho-phenylene group in U2 led again 
to activation of the y-C-H bond, giving 2a 
(17%) but still with a trace amount of the 
B-borylation product. The 4-pyridyl isomer 
U3 delivered only y-C-H borylation product 
2a but with a low product yield (12%). 

The enantioselective borylation also oc- 
curred in high yields and excellent site- and 
enantioselectivities with secondary carbox- 
amides (Ib-e, Fig. 3A, see caption) and esters 
(1f-h, Fig. 3B, see caption). In these cases, the 
secondary alkylboronate products (2b-h) were 
sufficiently stable to be isolated by silica gel col- 
umn chromatography. N-(t-Butyl)hexanamide 
was borylated site selectively at the y-methylene 
C-H bond of the aliphatic hydrocarbon back- 
bone, giving 2b (93% ee). The N-é-butyl group, 
which has terminal C(sp*)-H bonds y to the 
carbonyl group, remained intact. Hexanoic 
acid anilide similarly gave 2e with excellent 
enantioselectivity (98% ee). The C(sp”)-H bonds 
in the N-phenyl group, which are also located 
y to the carbonyl group, stayed unaffected. 
Likewise, N-benzyl and N-1-naphthylhexana- 
mide derivatives delivered 2d (98% ee) and 
2e (95% ee) as the sole products, respectively. 
Esters were equally amenable. Ethyl hexanoate 
gave 2f (90% ee) exclusively, resulting from 
the activation of a methylene y-C(sp”)-H bond 
in the aliphatic acyl group rather than the ter- 
minal methyl C-H bonds in the alkoxy group. 
Enhanced enantioselectivities were observed 
in the case of ¢-butyl and benzyl hexanoic acid 
esters, giving 2g (93% ee) and 2h (95% ee), 
respectively. 

Complementary to the reactivity of la, var- 
ious N,N-disubstituted hexanamides with 
different N-substituents were suitable sub- 
strates (Fig. 3C). Thus, substrates with linear 
or branched N,N-dialkylamino groups, in- 
cluding methyl (1i), ethyl (1j), hexyl (1k), 
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Fig. 4. Three-dimensional representation of the calculated transition state (TS) leading to the major 
enantiomer. (A) The geometrical features of TS-R showing C(sp°)-H---O and x/z noncovalent interactions between 
the substrate and the modular catalyst. (B) The space-filling model shows the reaction cavity and the efficient 
fitting of the substrate within the catalytic pocket. The binaphthyl frameworks of L* are shown in green, the 
isopropyl (iPr) groups in the triisopropylsilyl (TIPS) moiety of L* in blue, the RL in cyan, and the substrate in yellow. 


isopropyl (11), and isobutyl (im) groups, un- 
derwent the borylation followed by the mild 
stereoretentive oxidation with NaBO, with 
exclusive site selectivity to the y-C-H bond 
(92 to 94% ee) of the hexanamide chain. N- 
Cyclohexyl-N-methyl- and N,N-dicyclohexyl- 
hexanamides were converted to 3n (93% ee) 
and 30 (95% ee), respectively. Hexanamides 
with cyclic amine moieties, including piperidine 
(Ip), morpholine (1q), and N-methylpiperazine 
(1r), likewise participated in the reaction (92% 
ee). Hexanamides bearing N-methylaniline 
and N-methyl-N-benzylamine moieties sim- 
ilarly gave 3s (94% ee) and 3t (96% ee) as the 
sole products, respectively. 

The applicability of the protocol toward var- 
ious carboxamides with different aliphatic 
chains was investigated for N,N-dibenzyl- 
substituted amide derivatives (Fig. 3D). The 
valeric acid derivative, one carbon shorter than 
la, gave 3u with excellent enantioselectivity 
(97% ee). The undecylic acid derivative under- 
went the borylation at the C-4, y-C-H bond 
to deliver product 3v (96% ee). The borylation 
of more congested substrates with cyclohexyl 
(Iw), benzyl (1x), or phenyl (1y) groups at the 
y-methylene carbon also proceeded smoothly 
(94 to 97% ee), demonstrating the substantial 
tolerance of this protocol toward steric hin- 
drance, whereas the sense of enantioselection 
was reversed for the reaction of the phenyl- 
substituted amide (3y). 

The protocol was also applicable to unsat- 
urated alkenoic acid derivatives (5a-d) (Fig. 
3D). Thus, the benzyl ester (5a) of 6-nonenoic 
acid gave the homoallylic alcohol 7a (93% ee) 
upon oxidation of the y-boryl product (6a), 
whereas the anilide (5b) delivered the y-boryl- 
@-3-N-phenylnonenamide 6b (94% ee). Fur- 
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thermore, the anilide (5c) of 12-tridecenoic 
acid with a distal terminal alkene moiety gave 
6c (93% ee) as the only product. The reaction 
of the anilide (5d) of linoleic acid gave 6d 
(95% ee) exclusively without any trace of 
side reactions such as alkene migration in 
either the product (85%) or the recovered 
substrate (12%). 

Figure 3E showcases the synthetic utility of 
the borylation protocol by the transformations 
of the y-borylhexanoic acid anilide (R)-2e. A 
lower loading (1 mol %) of the Ir-L* catalyst 
enabled the gram-scale synthesis of (R)-2e 
(1.32 g, 83%) from le without erosion of the 
enantioselectivity. Subsequently, mild oxi- 
dation of (R)-2e provided the corresponding 
alcohol (R)-8. The Rh-catalyzed stereoreten- 
tive carboboration (19) of (R)-2e to benzyl 
isocyanate gave the enantioenriched o-alkyl- 
glutaric acid diamide (R)-9. The amination 
of (R)-2e allowed direct access to a pharma- 
cologically interesting y-alkyl-y-aminobutyric 
acid (GABA) derivative [(R)-10] (24). The transition- 
metal free cross-coupling between (R)-2e and 
3-bromoanisole (25) furnished the y-arylated 
derivative (R)-11 (98% ee). 

To gain insight into the structural features 
of the modular chiral catalyst as proposed 
in Fig. 1B, we performed preliminary quan- 
tum chemical calculations, focusing on C-H 
bond cleavage by the catalyst, employing N, 
N-dimethylpentanamide as a model substrate, 
Ir(Bpin)s-L* as the catalyst backbone, and RL 
as the receptor ligand. We used the GFN2-xTB 
method (26) and the artificial force-induced 
reaction (AFIR) method (27, 28) to explore 
various conformations of RL and the amide 
substrate associated with the cleavage of 
the C-H bonds of the hydrogen-bonded 
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substrate. A three-dimensional (3D) repre- 
sentation of the transition state leading to 
the major enantiomer, which was optimized 
without artificial force at the GFN2-xTB level 
of theory and further refined by the M06-L 
density functional including D3 empirical 
dispersion correction (SDD for Ir, 6-31G*), 
is shown in Fig. 4A. The space-filling repre- 
sentation is given in Fig. 4B. An accessible 
surface is formed as a deep cavity created by 
the modular catalyst that presents the urea 
hydrogen-bonding site at the outer rim with 
the Ir atom at the bottom of the groove. One 
of the naphthalene rings of L* has n/z inter- 
actions not only with the pyridine moiety 
but also with the ortho-phenylene linker of 
RL, forming a well-defined multicomponent 
catalyst assembly (see fig. S12 for a plot of 
noncovalent interactions and movies S1 and 
S2 for overall views of the calculated transi- 
tion state). 

The amide substrate, which adopts a nor- 
mal extended conformation, is bound in the 
cavity not only through hydrogen bonding 
with the urea moiety, but also through other 
noncovalent interactions with the inner sur- 
face of the cavity (Fig. 4). The urea donates 
two N-H bonds to the amide carbonyl group, 
resulting in bidentate hydrogen bonding. The 
noncovalent interactions donated by the cat- 
alyst surface include two C(sp)-H---O inter- 
actions (19, 29): one between the B-C-H bond 
and O' of the phosphite ligand L*, and the 
other between the C-H bond of the terminal 
Me group and O* of the B'pin ligand. In ad- 
dition, London dispersion interactions seem 
to contribute to the substrate binding in the 
catalytic cavity. The 3D representations high- 
light that whereas the pro-R-y-C-H bond of 
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the substrate is activated by the Ir atom, the 
terminal methyl] substituent at the stereogenic 
center is situated at the topmost vicinity of the 
reaction pocket, thereby avoiding any steric 
clash with the catalyst. 
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Attosecond spectroscopy of liquid water 


Inga Jordan, Martin Huppert*, Dominik Rattenbacher{, Michael Peper, Denis Jelovina, Conaill Perry, 


Aaron von Conta, Axel Schild, Hans Jakob Worner{ 


Electronic dynamics in liquids are of fundamental importance, but time-resolved experiments have so far 
remained limited to the femtosecond time scale. We report the extension of attosecond spectroscopy to the 
liquid phase. We measured time delays of 50 to 70 attoseconds between the photoemission from liquid water 
and that from gaseous water at photon energies of 21.7 to 31.0 electron volts. These photoemission delays 
can be decomposed into a photoionization delay sensitive to the local environment and a delay originating from 
electron transport. In our experiments, the latter contribution is shown to be negligible. By referencing liquid 
water to gaseous water, we isolated the effect of solvation on the attosecond photoionization dynamics of 
water molecules. Our methods define an approach to separating bound and unbound electron dynamics from 


the structural response of the solvent. 


he study of liquid water has been at the 
heart of physical sciences since their 
emergence. Although undoubtedly the 
most studied liquid, water has proper- 
ties that are still not entirely understood. 
Water displays more than 70 anomalies in its 
physical properties (7-3), such as density, heat 
capacity, or thermal conductivity. Even the 
structure of liquid water with its rapidly fluc- 
tuating hydrogen-bond network remains an 
object of intense debate (4-7). Many open 
questions are associated with liquid water, 
and their far-reaching implications explain 
the considerable attention that it has always 
attracted. A wide variety of experimental tech- 
niques have therefore been applied to its study, 
including nuclear magnetic resonance (8), in- 
frared (IR) spectroscopy (9), x-ray spectros- 
copies (JO), and x-ray scattering (11). 
Despite these considerable efforts, many 
properties of liquid water remain mysterious. 
This fact is partially the consequence of a 
mismatch between the temporal resolution 
of the available techniques and the ultrafast 
dynamics of liquid water. A prominent ex- 
ample is the observation of a splitting in the 
x-ray emission spectrum of the outermost va- 
lence band of liquid water, which is assigned 
either to two structural motifs of liquid water, 
differing in their hydrogen-bond structure 
(12), or to dynamics in the core-hole state (13). 
Differentiation of these two interpretations would 
require subfemtosecond temporal resolution. 
Hence, probing liquid water on ever shorter 
time scales may allow for a better understand- 
ing of at least some of its unusual properties. 
Here, we used attosecond spectroscopy to 
study liquid water. Whereas isolated molecules 
of increasing complexity have been studied 
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with attosecond temporal resolutions (J4-17), 
a deeper understanding of electronic dynamics 
in real chemical and biological processes re- 
quires an extension of attosecond science to 
the liquid phase. As the main distinguishing 
feature relative to most femtosecond spectros- 
copies, the inherent time scale of the present 
measurements freezes all types of structural 
dynamics, leaving only the fastest electronic 
dynamics as possible contributions. 

We concentrated on the measurement of 
time delays in photoemission. Previous mea- 
surements on atoms (18, 79) and molecules 
(17, 20), with supporting theoretical work 
(21-23), established that such experiments 
access photoionization delays caused by the 
propagation of the photoelectron through the 
potential created by the parent ion. Similar 
measurements on metals (24-26) revealed the 
dominant influence of the electron transport 
time from the point of ionization to the sur- 
face. The additional role of initial-state and 
final-state effects was highlighted in (27-29). 
Recent work on nanoparticles (30) interpreted 
the time delays as being dominantly sensitive 
to inelastic scattering times on the basis of 
purely classical simulations that neglected the 
time delays due to photoionization and scat- 
tering. Here, we developed a model that de- 
scribes such time delays on a fully quantum 
mechanical level and combined it with a 
semiclassical-trajectory Monte Carlo simula- 
tion of electron transport, which includes 
elastic and inelastic electron scattering, the 
quantum mechanical phase accumulated along 
all possible electron trajectories, and the re- 
sulting interference effects. We show that, in 
general, the measured time delays encode both 
scattering delays and mean free paths in ad- 
dition to the photoemission delay. 

The concept of our measurement is illus- 
trated in Fig. 1. We used attosecond interfer- 
ometry to measure the time delay between the 
photoemission from liquid water and that 
from gaseous water. Liquid water was intro- 
duced into a vacuum chamber through a 
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quartz nozzle with an inner diameter of ~25 um. 
Evaporation from the jet created the sur- 
rounding gas phase. An extreme ultraviolet 
(XUV) attosecond pulse train (APT), obtained 
through high-harmonic generation of a ~30-fs 
near-IR laser pulse in an argon gas cell, was 
focused onto the liquid microjet (spot size 
~50 um) together with a strongly attenuated 
replica of the IR laser pulse. This resulted in 
the detection of electrons from both phases 
simultaneously. [See (37) for details of the 
experimental setup.] 

The photoelectron signals from the liquid 
phase were shifted and broadened relative to 
the gas-phase signals, which enabled their dis- 
crimination. Photoemission induced by the 
APT created several replicas of the photo- 
electron spectra (Fig. 1, blue). The simulta- 
neous presence of the APT and IR pulses 
resulted in the formation of sideband spec- 
tra (Fig. 1, red). Because these sidebands can 
be created through two different quantum 
pathways, their intensity oscillates as a func- 
tion of the delay between the APT and IR 
pulses. 

A general challenge in attosecond time- 
resolved measurements originates from the 
spectral bandwidth of attosecond pulses. The 
resulting spectral congestion is considerably 
reduced by using an APT (17, 32). Nonetheless, 
most complex systems usually have broad 
photoelectron spectra, which makes the ap- 
plication of attosecond photoelectron spec- 
troscopy difficult. This challenge has been 
addressed by using metallic filters to reduce 
the spectral overlap (17, 19) and additionally 
performing an energy-dependent analysis of 
the sideband oscillation phases (32, 33). In 
the general case of broad overlapping photo- 
electron spectra, these approaches are no longer 
sufficient. We therefore combined these ideas 
with a general approach: the complex-valued 
principal components analysis (CVPCA) that 
was numerically validated in (34). 

Figure 2 shows the experimental results ob- 
tained with APTs transmitted through Sn or 
Ti filters, respectively, resulting in a spectral 
restriction to harmonic orders 11, 13, and 
15 (Sn) or 17, 19, and 21 (Ti). Shown in Fig. 2, A 
and B, are the photoelectron spectra recorded 
in the absence (blue circles) or presence (orange 
circles) of the IR field; Fig. 2, C and D, shows 
the difference spectrum (“IR on” - “IR off’; 
black circles) recorded on a single-shot basis 
by chopping the IR beam at half of the laser 
repetition rate. The spectra are dominated 
by the photoelectrons originating from the 
highest valence band of liquid water (light 
blue), the highest occupied molecular orbital 
(HOMO) of isolated water molecules (dark 
blue), and the respective sidebands (light 
and dark orange, respectively). 

To achieve the highest accuracy, we based 
the analysis on principal component spectra 
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that were measured with the same liquid- 
microjet photoelectron spectrometer (35), but 
replacing the APT with isolated high-order 
harmonics selected in a time-preserving mono- 
chromator (36). [See (37) and fig. S1 for the 
corresponding photoelectron spectra obtained 
with harmonics 11 to 21.] These principal com- 
ponents were used to decompose the photo- 
electron and difference spectra in Fig. 2 into 
the individual contributions of the high- 
harmonic orders and the two phases of wa- 
ter. Positive contributions in the difference 
spectra (Fig. 2, C and D) represent sidebands, 
whereas the negative contributions originate 
from the depletion of the main photoelec- 
tron bands. 

Figure 2, E and F, shows the difference spec- 
tra as a function of the APT-IR delay. Distinct 
oscillations with a period of 1.33 fs can be ob- 
served in both spectrograms in the spectral 
regions corresponding to both gas- and liquid- 
phase contributions. Figure 2, G and H, shows 
the power spectrum of the Fourier transform of 
Fig. 2, E and F. These images reveal the pres- 
ence of the expected 2w oscillations (where w is 
the angular frequency of the IR laser). 

Figure 2, I and J, shows the complex-valued 
Fourier transform of Fig. 2, E and F, obtained 
by integration over the width of the 2m peak. 
Note that the phases (blue circles in Fig. 2, 
I and J) are not flat but vary across most energy 
ranges, as do the amplitudes (green triangles). 
We find that our CVPCA fully reproduces the 
complex-valued Fourier transform by attribut- 
ing a unique phase shift and modulation depth 
to each of the principal components (37). 

This analysis reliably provides the time de- 
lays between photoemission from the liquid 
and gas phases as At = Tig - Tgas = liq - Ogas)/ 
2a. In the case of sideband 14 (21.7 eV photon 
energy), we obtain At = 69 + 20 as; in the case 
of sideband 20 (31.0 eV photon energy), we 
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XUV 


obtain At = 49 + 16 as. The statistical analyses 
leading to these results are given in table S1 
and figs. S4 and S5 (37). The positive sign of 
the relative delays indicates that the electrons 
from liquid water appear to be emitted later 
than those from water vapor. 

The modulation depth M, where M = 1 sig- 
nifies a perfect contrast of the sideband os- 
cillation, is also observable. In the gas phase, 
values of M = 0.95 are usually observed [see, 
e.g., figures 1 and 2 of (77) for an experiment 
using the same apparatus and nearly iden- 
tical experimental conditions]. In the gas 
phase, deviations of / from unity are caused 
by the incoherent superposition of oscillations 
with different phase shifts, experimental im- 
perfections, and/or small differences in the 
amplitudes of the two quantum paths lead- 
ing to the same sideband state. Here, we 
concentrated on the analysis of the relative 
modulation depths between the liquid- and 
gas-phase signals, which eliminates the lat- 
ter two effects. The relative modulation depths, 
defined as M, = Miiq/Mzas, amount to 0.17 + 
0.03 and 0.45 + 0.06 in the case of sidebands 
14 and 20, respectively. 

The near-field distributions around the liq- 
uid microjet were calculated with finite-element 
time-dependent methods (see figs. S6 and S7). 
The near-field distributions make a negligible 
contribution to the delay of tig - teas = -5 as. 
Moreover, they cause a reduction of the modu- 
lation contrast of 3% for the liquid phase and 
6% for the gas phase. Both effects are opposite in 
trend to the measured results and are much 
smaller in magnitude. 

Attosecond interferometry in liquids can be 
understood as a fully coherent combination of 
photoionization and electron scattering dur- 
ing transport to the surface of the jet (Fig. 3). 
Our previous analysis (37) has shown that such 
experiments can be rationalized by combining 
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Fig. 1. Attosecond time- 

resolved photoelectron 
spectroscopy of liquid water. 

A spectrally filtered attosecond 
pulse train composed of a few 
high-harmonic orders (such 

as H'™ and H"), superimposed 
with a near-IR femtosecond laser 
pulse, interacts with a microjet of 
liquid water. Photoelectrons are 
simultaneously emitted from the 
liquid and the surrounding gas 
phase. The resulting photoelectron 
spectra are measured as a function 
of the time delay between the 
overlapping pulses. 


the laser-assisted photoelectric effect (LAPE) 
with laser-assisted electron scattering (LAES). 
We distinguish “local” pathways, when the 
XUV and IR fields act at the same location 
in space, from “nonlocal” pathways where 
the XUV interaction (photoionization) and 
IR interaction (LAES) take place at differ- 
ent spatial positions. 

For clarity we first discuss the one-dimensional 
case, modeling photoionization with an attrac- 
tive potential and electron-water scattering 
with a shallower repulsive potential (Fig. 4). 
For sufficiently high photon energies, a sin- 
gle collision results in a total delay that os- 
cillates between 1"! + 1° and 1”! - 1, where 
vt! and 18 are the Wigner delays for photo- 
ionization and scattering, respectively, as a func- 
tion of the distance between the locations of 
LAPE and LAES with a spatial period L = 41/ 
(Kgs — kg) as shown in Fig. 4B. This oscil- 
lation is caused by the interference between 
local and nonlocal pathways along which the 
photoelectron wave packets have accumu- 
lated different amounts of phase because of 
their different central momenta (Ay-1, Kg, or 
Kq+i). In the presence of an exponential dis- 
tribution of path lengths, corresponding to a 
given elastic mean free path (EMFP), the ob- 
served delay monotonically decays from v7 + 
18 to 1°! (37). In the case of n = IMFP/EMFP 
elastic collisions, where IMFP is the inelastic 
mean free path, the total delay decays from tY! + 
nt“ to 1! about n times faster (Fig. 4C). 

We hence draw the (general) conclusion 
that in the limit EMFP << L/n (or IMFP < L), 
the classical limit is reached and the total 
delay is simply the sum of the photoionization 
and all scattering delays. In the opposite limit 
(EMFP >> L/n, i.e., IMFP >> L), the effects of 
the scattering delays cancel, such that the 
total delay becomes equal to the photoioniza- 
tion delay. 
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The MFPs of slow (<50 eV) electrons in 
liquid water are extremely difficult to calculate 
and no reliable experimental measurements 
exist, as summarized in (38). Therefore, we 
developed an approach to determine the elastic 
and inelastic MFPs based on first-principles 


electron-molecule scattering calculations to 
determine the differential scattering cross 
section (DCS) for electron scattering with liq- 
uid water (39). These DCSs are used in a tra- 
jectory Monte Carlo simulation to uniquely 
determine the unknown EMFPs and IMFPs, 


required to describe electron scattering event 
by event, from two recent experimental mea- 
surements (40, 41). Details of this procedure 
are given in (39). The EMFP amounts to 0.56 nm 
and the IMFP to 3.8 nm at the kinetic energy 
corresponding to sideband 14. At the kinetic 
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electron spectra of liquid _ 3 exp s, 
and gaseous water. Data % — me % 
were acquired with a 2 o5/ ‘ 2 
Sn-iltered APT (left) or a E di 2 
Ti-filtered APT (right). 2 A 2 
(A and B) Photoelectron >= a 
spectra in the absence 
(blue) and presence g 8 
(orange) of the IR field with 8 
their principal components € 5 
fit (full lines) and Beil exp. 
decomposition (filled al lus SG e 
curves). (€ and D) Dif- a 026 4 
ference spectra (circles), = 2 on & = 
principal components fit io 0 77 co 
(line), and decomposition ‘i Oat 2 
(filled curves) into sidebands e ° Be pes 7 
(orange) and depletion = : = = 
(blue). (E and F) Difference © 4 3 & 
spectra as a function of the 
APT-IR time delay. (G and yz 2 3 3 
H) Fourier-transform power = 0 2 3 = 
spectrum of (E) and (F). 8 2 8 
(land J) Amplitude and o 2 oS 
phase of the 2m component 4 i : 19 
of the Fourier transform. 8 9 10 11 12 13 14 

electron kinetic energy / eV 
Fig. 3. Physical mechanisms of attosecond gas liquid 
interferometry in liquid water. In the gas 
phase, the XUV- and IR-induced interactions 
are both localized to the same molecule. In the k! 
condensed phase, we distinguish “local” path- +2. 
ways [(1) and (2)], followed by additional 
scattering events without exchange of photons, 
from “nonlocal” pathways [(3) and (4)], 
consisting of ionization followed by one laser- 5 
assisted scattering event (including exchange G 
of one photon with the IR field) among n + n’ $ k, 

me} 


non-laser-assisted collisions. Along the local 
pathways, photoelectron wave packets with 
central momenta k, are launched. The nonlocal 
pathways correspond to the launch of wave 
packets with central momenta kg; and kg. 
that are converted to a central momentum kg 
through a remote LAES interaction. 
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energy corresponding to sideband 20, the EMFP 
amounts to 0.84 nm and the IMFP to 4.6 nm. 
These MFPs are thus sufficiently large to can- 
cel the scattering contributions to the total 
delays (Fig. 4C). Consequently, even larger 
values of the MFPs will not modify our results. 

We further verified this conclusion through 
a complete three-dimensional calculation, 
which is described in (37) and implements 
all physical mechanisms shown in Fig. 3. 
Our model is based on semiclassical Monte 
Carlo trajectory calculations, but includes 
the phases and amplitudes derived from a 
quantum mechanical treatment of photo- 
ionization, electron scattering, LAPE, LAES, 
and transport in three dimensions, which were 
derived from our earlier one-dimensional 
model (37). The Monte Carlo trajectory calcu- 
lations rely on accurate complex-valued scatter- 
ing factors obtained from ab initio scattering 
calculations of electrons with water clusters 
of increasing size, and they use the associated 
values of the EMFP and IMFP (39). More than 
10° classical trajectories were launched from 
at least 10? randomly selected initial positions 
with a momentum of either k,_; or Kg; (where 
q = 14 or 20 is realized in different sets of cal- 
culations). The results of these calculations are 
given in fig. S11. The contribution of electron 
scattering during transport amounts to 0 to 
6 as, depending on the depth from which the 
electrons originate, which averages to ~2 as 
over all probed depths. Hence, these contribu- 
tions are negligible in comparison to the mea- 
sured delays of ~50 to 70 as. 

Having excluded the contributions from 
electron scattering and the near-field distri- 
butions, we now turn to the photoionization 
delays. Figure 5 shows the calculated photo- 
ionization delays of the isolated water mole- 
cule, a water pentamer, corresponding to one 
complete solvation shell and a (H,O),, cluster, 
which possesses a partial second solvation 
shell (37). A tetrahedral coordination of each 
water molecule with an O-O distance of 2.75 A, 
corresponding to the averaged structure of 
liquid water, was chosen. The delays system- 
atically increase with the addition of the first 
solvation shells. The increase of the delay from 
H,O to (H,O),; amounts to 61 as at 21.7 eV and 
30 as at 31.0 eV. These numbers compare well 
with the experimentally measured relative de- 
lays of 69 + 20 as and 49 + 16 as (Fig. 5, red 
box), particularly when noticing the slower 
convergence of the delay with cluster size at 
the higher photon energy. 

Because the solvation structure of liquid 
water is an important and still controver- 
sial topic [see, e.g., (4-7)], we studied the 
sensitivity of the delays to local structural 
distortions. Using the most representative 
solvation structures identified in x-ray absorp- 
tion spectroscopy (4, 12), we stretched one O-O 
distance in the water pentamer from 2.75 A 
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Fig. 4. Contributions of photoionization and scattering to the measured delays. (A) Schematic 
representation of the potentials used in the time-dependent Schrédinger equation (TDSE) calculations. 

(B) Total delays (z'*') for the case of a single collision at a fixed distance (lines) or an exponential path-length 
distribution with average r (symbols). (C) The case of rn elastic collisions, sampled according to an 
exponential path-length distribution with average r. The shaded areas represent one standard deviation 


of the corresponding MFPs. 


to 3.50 A (Fig. 5, arrow labeled “stretched”) or 
rotated one water molecule by 50° around the 
central molecule. In the case of (H2O),, the 
same operations were applied to one group of 
three water molecules attached to the central 
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one. Our measured delays are consistent with 
both the unperturbed tetrahedral coordination 
(see Fig. 5, red box) and with a single hydrogen 
bond being broken by stretching (Fig. 5, dashed 
red box), but not by bending. Photoionization 
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Fig. 5. Effect of the local solvation structure on p 
delays for H20, (H20)s, and (H20);, are shown. The 


hotoionization delays. Calculated photoionization 
bottom two rows indicate delays obtained by 


stretching (arrow labeled “stretched”) or bending (arrow labeled “bent”) one hydrogen bond in the clusters. 
(H20)1 was the largest entity for which fully converged delay calculations were possible, with a typical 


computational cost of 180 CPU days per calculation. 


delays therefore discriminate between stretched 
or bent solvation structures, which yield in- 
distinguishable x-ray absorption spectra [curves 
cand e of figure 3A in (4)]. Our measurements 
are thus consistent with a dominantly tetrahe- 
dral coordination of liquid water; they do not 
exclude the contribution of stretched hydrogen 
bonds, but they do exclude a dominant fraction 
of hydrogen bonds being broken by bending. 
Moreover, these sensitivities motivate the ap- 
plication of attosecond interferometry to ice 
and supercooled water, which are structur- 
ally more or less homogeneous than liquid 
water, respectively. 

We now return to the interpretation of the 
reduced modulation depths observed for the 
liquid phase. According to Fig. 5, these finite 
contrasts most likely originate from a distri- 
bution of local solvation structures, which re- 
sults in a distribution of photoionization delays. 
The superposition of interferometric oscilla- 
tions with a distribution of phase shifts will 
indeed result in a reduced contrast of the in- 
terferometric oscillation. The larger sensitiv- 
ity of the delays calculated at 21.7 eV (ranging 
from 110 to 157 as) compared to 31.0 eV (41 to 
48 as) is consistent with the lower relative 
modulation depth of 0.17 + 0.03 and 0.45 + 
0.06, respectively. An additional possible con- 
tribution to the reduced contrast comes from 
decoherence of electrons in liquid water. In 
the case of the nonlocal pathways (see Fig. 
3), the collisions taking place between photo- 
ionization and LAES can cause decoherence 
of the propagating electron wave packet, which 
would also result in a reduced modulation 
contrast. Nonlocal attosecond interferometry 
therefore offers a possible approach to mea- 
suring the loss of electronic phase coherence 
during electron transport in matter. 
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The time delays determined in our work 
reflect the effect of the solvation environment 
on (i) the electronic structure of water mol- 
ecules and (ii) the multiple scattering of the 
outgoing photoelectron. This assignment is 
confirmed by the dominant influence of the 
first two solvation shells (i and ii) and the 
decrease of the solvation-induced delays with 
the kinetic energy (ii). The measurement of 
photoemission time delays from liquids can 
thus be viewed as an attosecond time-resolved, 
fully coherent, electron scattering experiment 
from within. Relative to diffraction techniques 
based on external sources, it has the advantage 
of selectively probing the immediate environ- 
ment of the ionized species. Relative to x-ray 
spectroscopy, it offers a temporal resolution 
reaching down to a few attoseconds. These 
aspects open new perspectives in solvation 
science, such as the measurement of the purely 
electronic solvent response after electronic ex- 
citation, relaxation, or large-amplitude chem- 
ical dynamics. They additionally offer the 
perspective of time-resolving both local and 
nonlocal electronic relaxations in the liquid 
phase, such as Auger decay, intermolecular 
coulombic decay (42, 43), and electron transfer- 
mediated decay (44). 

Our work shows that, relative to the photo- 
emission from the HOMO of the isolated mol- 
ecule, photoemission from the most weakly 
bound valence band of liquid water is delayed 
by 50 to 70 as. Detailed calculations indicate 
that the contributions of electron transport to 
the measured delays are negligible and iden- 
tify solvation as the main contribution to the 
measured delays. The measured delays are 
dominated by the first two solvation shells of 
water and are sensitive to the local solvation 
structure. Although demonstrated on practically 
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SURFACE CHEMISTRY 


Covalent surface modifications and 
superconductivity of two-dimensional metal 


carbide MXenes 


Vladislav Kamysbayev’, Alexander S. Filatov’, Huicheng Hu’, Xue Rui’, Francisco Lagunas?, Di Wang’, 


Robert F. Klie, Dmitri V. Talapin'>* 


Versatile chemical transformations of surface functional groups in two-dimensional transition-metal 
carbides (MXenes) open up a previously unexplored design space for this broad class of functional 
materials. We introduce a general strategy to install and remove surface groups by performing 
substitution and elimination reactions in molten inorganic salts. Successful synthesis of MXenes with 
oxygen, imido, sulfur, chlorine, selenium, bromine, and tellurium surface terminations, as well as bare 
MXenes (no surface termination), was demonstrated. These MXenes show distinctive structural and 
electronic properties. For example, the surface groups control interatomic distances in the MXene 
lattice, and Ti,+1C, (n = 1, 2) MXenes terminated with telluride (Te?) ligands show a giant (>18%) 
in-plane lattice expansion compared with the unstrained titanium carbide lattice. The surface groups 
also control superconductivity of niobium carbide MXenes. 


wo-dimensional (2D) transition-metal 

carbides and nitrides (MXenes) (J) have 

been actively studied for applications 

in supercapacitors (2), batteries (3), 

electromagnetic interference shield- 
ing (4), composites (5, 6), and catalysts (7). 
MXenes are typically synthesized from the 
corresponding MAX phases (Fig. 1A), where 
M stands for the transition metal (e.g., Ti, 
Nb, Mo, V, W, etc.) and X stands for C or 
N, by selectively etching the main group ele- 
ment A (e.g., Al, Ga, Si, etc.). The etching is 
usually performed in aqueous hydrofluoric 
(HF) solutions, rendering MXenes terminated 
with a mixture of F, O, and OH functional 
groups, commonly denoted as T,. These 
functional groups can be chemically modi- 
fied, unlike the surfaces of other 2D materials 
such as graphene and transition-metal dichal- 
cogenides. Recent theoretical studies predict 
that selective terminations of MXenes with 
different surface groups can lead to remarkable 
properties, such as opening or closing bandgap 
(8), room-temperature electron mobility ex- 
ceeding 10* cm?/V:s (9), widely tunable work 
functions (JO), half-metallicity, and 2D ferromag- 
netism (7). Covalent functionalization of MXene 
surfaces is expected to uncover new direc- 
tions for rational engineering of 2D functional 
materials. 

The surface of MXene sheets is defined 
during MAX phase etching. Electrochemical 
and hydrothermal methods have been re- 
cently applied for etching MAX phases with- 
out resorting to HF solutions, but the use of 
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aqueous solutions introduces a mixture of 
Cl, O, and OH surface groups (72, 13). The 
etching of TizAlC,. MAX phase in molten 
ZnCl, and several other Lewis acidic molten 
salts above 500°C results in TizC,Clp MXene 
with a pure Cl termination (/4, 15). Because 
etching of MAX phases in molten salts elimi- 
nates unwanted oxidation and hydrolysis, we 
used a variation of this method for synthesis 
of TigCyCl,, TigCClo, and Nb,CCl, MXenes in 
CdCl, molten salt (figs. S1 to S5). Moreover, 
the use of Lewis acidic CdBr, allowed us to 
extend the molten salt etching route beyond 
chlorides to prepare the first Br-terminated 
Tiz;C.Br. and Ti,CBr. MXenes (Fig. 1, B and 
C, and figs. S6 and S7). The morphology, 
structure, and composition of all newly syn- 
thesized MXenes were characterized using 
high-resolution scanning transmission elec- 
tron microscopy (STEM), Raman spectroscopy, 
and a combination of x-ray methods, including 
energy-dispersive elemental mapping, diffrac- 
tion (XRD), atomic pair distribution function 
(PDF), fluorescence, extended x-ray absorption 
fine structure (EXAFS), and photoelectron spec- 
troscopy (XPS). 

We show that Cl-terminated and espe- 
cially Br-terminated MXenes can efficiently 
engage in a new type of surface reaction where- 
in halide ions exchange for other atoms and 
functional groups. The exchange reactions en- 
able unprecedented control over the surface 
chemistry, structure, and properties of MXene 
materials. 

The transition-metal atoms from the outer 
layers of MXene sheets (Ti, Mo, Nb, and V) 
form relatively weak M-Cl and M-Br bonds, 
in comparison to M-F and M-OH bonds typ- 
ical for MXenes with T,, surface groups. This 
point can be demonstrated by the enthal- 
pies of formation for TiBr, (—617 kJ mol’) 
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and TiCL, (-804 kJ mol’) versus TiF, (-1649 
kJ mol’), as well as by direct comparison 
of the bond energies (table S1). Strong Ti-F 
and Ti-O bonds make it difficult to perform 
any postsynthetic covalent surface modifica- 
tions of MXenes (J6). In contrast, Cl- and 
Br-terminated MXenes with labile surface 
bonding act as versatile synthons for further 
chemical transformations. 

MXene surface exchange reactions typi- 
cally require temperatures of 300° to 600°C, 
which are difficult to achieve using tradi- 
tional solvents. We instead used molten alkali 
metal halides as solvents with unmatched 
high-temperature stability, high solubility of 
various ionic compounds, and wide electro- 
chemical windows (17-19). For example, TizC.Br, 
MXene (Fig. 1B) dispersed in CsBr-KBr-LiBr 
eutectic (melting point: 236°C) reacted with 
LigTe and Li,S to form Ti3CyTe (Fig. 1D and 
figs. S8 to S10) and TisC.S (Fig. 1E and fig. 
S11) MXenes, respectively. The reactions of 
TizCoCly and Ti3C,Bry. with Li,Se, Li,O, 
and NaNHg yielded TizC2Se, TizC.0, and 
TisC.(NH) MXenes, respectively (figs. S12 
to S16). The multilayers of Tiz;C.T,, MXenes 
(T = Cl, S, NH) were further treated with 
n-butyl lithium (n-BuLi) resulting in Li* 
intercalated sheets (fig. S17) with a nega- 
tive surface charge (Fig. 2A and fig. S18). 
Subsequent dispersion in a polar organic 
solvent such as N-methyl formamide (NMF) 
resulted in stable colloidal solutions of single- 
layer flakes (Fig. 2, B and C). Raman spec- 
troscopy and elemental analysis showed 
that delaminated MXenes preserve their orig- 
inal T,, surface groups (figs. S18 to $20). The 
x-ray diffraction pattern of spin-coated films 
showed a single (0002) diffraction peak cor- 
responding to the center-to-center separation 
(d) between two adjacent MXene sheets (Fig. 
2D). The absence of (1017) and (1120) reflections 
is consistent with the alignment of delami- 
nated flakes parallel to the substrate (20), which 
is also confirmed by the grazing incidence 
wide-angle x-ray scattering patterns (fig. S19). 

Similar covalent surface modifications were 
achieved for TigCClz, TigCBr2, and Nb2CCl. 
MXenes (Fig. 3A and figs. $21 to S34). The 
ability to perform surface exchange reactions 
on the thinnest MXenes demonstrated that 
the 2D sheets remained intact during all 
stages of the transformation. The exact metal 
to surface group elemental ratios for newly 
synthesized MXenes were near the expected 
values, as summarized in table S2. 

The reactions of TigC,Brz and TigCBr. with 
LiH at 300°C produced bare TizC2U. (Fig. 1F 
and fig. S14) and TisCO, MXenes (fig. S21), 
where O stands for the vacancy site. Because 
H-terminations are difficult to observe by STEM 
and other methods, we based this conclusion 
on the experimental value of the center-to- 
center distance between the Ti;C. sheets 
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Fig. 1. Surface reactions of MXenes in molten inorganic salts. (A) Sche- 
matics for etching of MAX phases in Lewis acidic molten salts. (B) Atomic- 
resolution high-angle annular dark-field (HAADF) image of Ti3C2Br2 MXene 
sheets synthesized by etching TizAIC2 MAX phase in CdBr2 molten salt. Ti3C, 
The electron beam is parallel to the [2110] zone axis. (C) Energy-dispersive 


(7.59 A), which was substantially smaller than 
the theoretical prediction for TizC,H, MXene 
(8.26 A) and near the smallest theoretically pos- 
sible spacing of 7.23 A (27). Because XPS showed 
reduction of Ti (fig. S16), this process could be 
formally described as a reductive elimination of 
the hydride groups after the exchange reaction. 

The chemical transformations of solids are 
generally impeded by slow diffusion, which 
severely limits the scope of synthesizable 
solid-state compounds (22). The complete 
exchange of surface groups in stacked MXenes 
is also expected to be kinetically cumbersome, 
especially if the entering ions are bulkier than 
the leaving ones, as in the case of Cl (the 
ionic radius R; = 1.81 A) exchanged for Te?" 
(R,; = 2.21 A), Counterintuitively, the reactions 
of TisCoClo and TixCCly MXenes with 07, S*, 
Se?-, and Te?” occurred at similar temper- 
atures and with comparable reaction rates. 

To understand this reactivity, we followed 
the evolution of the (0002) diffraction peak 
during surface exchange reactions. In the ini- 
tial state, TizC,Cl, sheets formed stacks (fig. S1) 
with d = 11.25 A, and the van der Waals (vdW) 
gap between MXenes was ~2.8 A (table $3), 
which is smaller than the dimensions of en- 
tering or leaving ions. No measurable changes 
of the d-spacing were detected upon heating 
TizCyCl, in KCI-LiCl molten salt to 500°C (fig. 
S35). However, heating MXene in the same 
molten salt but in the presence of Li,O re- 
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x-ray elemental analysis (line scan) of Ti3C2Br2 MXene sheets. a.u., arbitrary 
units. HAADF images of (D) TiszC2Te and (E) TizC2S MXenes obtained by 
substituting Br for Te and S surface groups, respectively. (F) HAADF image of 
b MXene (O stands for the vacancy) obtained by reductive elimination 

of Br surface groups. 


(0002) 


delaminated 
TisCCl. film 


TizC,Cl, multilayer 


Intensity (a.u.) 


(1011) (1120) 


TizC,Cl, Ti;C,NH —Ti3G,S 


40 20 30 40 50 60 70 
20 (°) 

Fig. 2. Delamination of multilayer TizC2T,, MXenes. (A) Schematic of delamination process. (B) Photographs 

of stable colloidal solutions of Ti3C2T,, MXenes (T = Cl, S, NH) in NMF exhibiting Tyndall effect. (©) TEM image 

of Ti3C2Cl2 MXene flakes deposited from a colloidal solution. (Inset) Fast Fourier transform of the circled 

region, showing crystallinity and hexagonal symmetry of the individual flake. (D) XRD patterns of multilayer 

MXene and delaminated flakes in a film spin coated on a glass substrate. 


sulted in d = 13.2 A (fig. S36), which corre- 
sponds to a 4.7-to-6.3-A vdW gap between the 
surface atoms on adjacent MXene sheets, de- 
pending on the local surface terminations 
(see supplementary materials). A similar d 


of 13.5 A was observed during reaction of 
TizCyClp MXene with Li,Se, although with 
a larger disorder (fig. S37). 

The unstacking of MXene sheets in mol- 
ten salts greatly facilitated diffusion of ions 
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Fig. 3. Surface groups can induce 
giant strain in the MXene lattice. 
(A) Local interatomic distances in 
TioCT,, MXenes (T = S, Cl, Se, Br, Te) 
probed by small r region of the atomic 


pair distribution functions, G(r). The 
vertical lines show the Ti-C and 
Ti-T bond lengths and Ti-Til and 
Ti-Ti2 interatomic distances obtained 
from the Rietveld refinement of 


powder XRD patterns (dashed lines) 
and EXAFS analysis (dotted lines). 

(B) The unit cells of TizCT, MXenes 

(T = S, Cl, Se, Br) obtained from the 
Rietveld refinement. (C) Dependence of 


the in-plane lattice constant a 
[equivalent to the Ti-Ti2 distance in 
(A)] for TizCT, and Ti3C2T, MXenes on 
the chemical nature of the surface 
group (T,). (D) Proposed unit cell of 


TisCTe MXene (see fig. S39). (E) Biaxial 
straining of Ti3C2T,, MXene lattice 
induced by the surface groups. 

The in-plane (e))) and out-of-plane (e,) 
strain components are evaluated with 


respect to the bulk cubic TiC lattice 
with atic = 4.32 A. 


and made MXene surfaces sterically acces- 
sible. The interaction potential of MXenes 
in a molten salt was likely defined by surface- 
templated ion layering, which created an 
exponentially decaying oscillatory interaction 
energy (23). We speculate that the free energy 
released in the surface exchange reaction 
caused MXene sheets to “swell” into one of 
the energy minima and stay in this state dur- 
ing chemical transformation. 

Moreover, the nature of the surface groups 
had an unusually strong impact on the MXene 
structure. The XRD patterns of Ti3C.T,, and 
most of the Ti,CT,, MXenes were modeled 
using the space group of the parent TizAIC, 
and Ti,AlC MAX phases (P63/mmc) (24). 
Because of the simpler structure of thinner 
Ti,CT,, MXenes, their representative XRD 
patterns were further modeled using the 
Rietveld refinement. The fitting of the ex- 
perimental Fourier-transformed EXAFS func- 
tions of Ti,CT,, MXenes (fig. S26) demonstrated 
that the local structure around Ti atoms was 
consistent with the respective crystallographic 
models. The real-space interatomic PDFs, G(r), 
showed systematic shifts of Ti-T and Ti-Ti2 
distances to larger values in S to Te series of 
Ti,CT,, MXenes (Fig. 3, A and B, and fig. S27). 
In MXenes, the Ti-Ti2 distance is equal to the 
nearest-neighbor distance between Ti atoms 
in the basal (0001) plane, and hence it repre- 
sents the in-plane a lattice constant (Fig. 3, B 
and C). For example, for TigCBrg, the Rietveld, 
EXAFS, and PDF methods converged on a = 
3.32 A. After exchanging Br’ for O, the re- 
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sultant MXene showed a = 3.01 A, and the 
reaction with Te” produced MXene with a = 
3.62 A (Fig. 3C). The simulated XRD patterns 
of Ti,CT,, MXenes (figs. S38 and S39) suggest 
that large Te?” groups are likely positioned 
on top of the neighboring Ti atoms (Fig. 3D). 
This arrangement is distinctively different 
from the MXenes with smaller surface groups, 
which are positioned between hexagonally 
packed Ti surface atoms, on top of the op- 
posite Ti atoms of the same Ti,CT,, sheet 
(Fig. 3B), in accordance with recent theo- 


retical studies (25). 


The vdW radii and packing density of sur- 
face atoms had a huge effect on a (Fig. 3C), 
and fig. S40 compares these values with avail- 
able computational predictions. For compa- 
rable ion radii, e.g., S versus Cl and Se versus 
Br, halido-terminated MXenes showed larger 
a, likely because of the smaller number of 
chalcogenide ions required for charge com- 
pensation of the MXene surface. To estimate 
the in-plane strain (¢);) imposed on the tita- 
nium carbide lattice by surface groups in the 
newly synthesized MXene species, we com- 
pared a to the nearest-neighbor distance be- 
tween Ti atoms in the (111) plane of bulk cubic 
TiC that is structurally equivalent to the basal 
(0001) MXene plane. For TisC,T,, and Ti,CT,, 
MXene families, the mixed (T, = F, O, OH) 
and pure O” terminations resulted in a com- 


pressive €). Bare ( 


MXenes were nearly strain-free, whereas Cl-, 
S-, Se-, and Br-terminated MXenes all had 
tensile ¢). The thinner Ti,CT, MXenes had, 
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on average, a slightly larger in-plane expan- 
sion or contraction with respect to the bulk 
TiC lattice than did the thicker Ti,sC,T,, MXenes. 
The TizCTe MXene (Fig. 3, A and C, and fig. 
S24) had the largest magnitude of tensile e), 
(18.2%), in accordance with Te®” having the 
largest vdW radius among all groups used in 
this study. This degree of lattice expansion 
in a crystalline solid is very unusual. For com- 
parison, the lattice of bulk TiC expands by 
only 2.5% when heated from room temper- 
ature to 2700°C (26). 

Because the out-of-plane c lattice constant 
is strongly affected by the intercalation of 
ions and solvent molecules between MXene 
sheets (27), we used high-resolution STEM 
images to assess the distances between the 
Ti planes along the c axis of the unit cell 
(table $3). The magnitude of the out-of-plane 
strain in the MXene core (€,) was calculated 
by referencing experimental distances be- 
tween Ti planes inside the MXene sheets 
(M,) to the distance between the (111) planes 
of bulk TiC (table $3). Figure 3E shows that 
the expansion of the qa-lattice parameter in 
TigC.T,, MXenes functionalized with S, Cl, Se, 
Br, and Te atoms was accompanied by the 
corresponding contraction of the TizC, layers 
along the c axis. 

This observation is consistent with the be- 
havior of the TigC2 layers as an elastic 2D 
sheet under tensile stress imposed by the 
surface atoms (Fig. 3E). The Poisson effect 
can account for the relations between the 
stress and the strain components reflected by 
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Fig. 4. Electronic transport and superconduc- 
tivity in Nb,CT,, MXenes. (A) Temperature- 
dependent resistivity for the cold-pressed pellets of 
NbzAIC MAX phase and NbzCClz MXene. (Inset) 
Magnetic susceptibility (i.e., ratio of magnetization 
to magnetizing field strength) of Nb2CCl2 MXene as 
a function of temperature. FC and ZFC correspond 
to the field cooled and zero-field cooled measure- 
ments, respectively. emu, electromagnetic unit. 

(B) Temperature-dependent resistivity for the cold- 
pressed pellets of Nb2CT,, MXenes. (Inset) Re- 
sistance as a function of temperature at different 
applied magnetic fields (0 to 8 T) for the cold- 
pressed pellets of Nb2CS2 MXene. 


observed changes of a and M, distances. 
Unfortunately, our atomic-resolution STEM 
images of MXenes measured //, values with 
relatively large error bars (caused by pro- 
jection effects and bending of the MXene 
sheets), which interfered with accurate es- 
timation of the Poisson’s ratio (v) for newly 
synthesized MXenes. A simple elastic model 
(see supplementary materials) applied to 
TigCoT,, yields v ~ 0.22 for T = S and Br, which 
is comparable to the recently predicted v value 
for TisC,T,, (21). However, TisCzTe showed v = 
0.16 + 0.06, likely caused by the additional stif- 
fening of the TisC, layers under very large 
in-plane stress. 

The above examples show that the compo- 
sition and structure of MXenes can be engi- 
neered with previously unattainable versatility. 
Chemical functionalization of MXene surfaces 
is expected to affect nearly every property of 
these materials, and we found that the surface 
groups defined the nature of electronic trans- 
port in Nb,CT,, MXenes. Figure 4, A and B, 
shows temperature-dependent four-probe re- 
sistivity (p) measured on cold-pressed pellets 
of Nb2CT,, (T = O, Cl, O, S, Se) MXenes (fig. 
S41), all synthesized by the procedures de- 
scribed above. Figure 4A also compares the 
conductivity of the parent Nb2,AIC MAX phase 
with that of Nb2gCCl, MXene. Above 30 K, both 
MAX phase and MXene samples showed sim- 
ilar specific resistivity, which decreased when 
the sample was cooled. This temperature de- 
pendence is often associated with metallic 
conductivity. The ultraviolet photoelectron 
spectroscopy (UPS) confirmed nonzero den- 
sity of electronic states at the Fermi energy Ey 
(fig. S42), which is also consistent with a 
metallic state. 

However, when the Nb,CCl, MXene was 
cooled below 30 K, the resistivity started 
increasing, possibly indicating the onset of 
localization. A sharp drop of resistivity by 
several orders of magnitude occurred at a crit- 
ical temperature T, ~ 6.0 K (Fig. 4A), which is 
reminiscent of a superconductive transition. 
The magnetic susceptibility measurements 
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showed the development of a strong dia- 
magnetism below 6.3 K that we interpreted 
as the Meissner effect (Fig. 4A). From the 
magnitude of zero-field cooled data at 1.8 K, 
we estimated the lower bound for the super- 
conducting volume fraction of Nb2CCl. MXene 
as ~35%. Consistent with superconductivity, 
the transition broadened, and 7, shifted to 
lower temperatures with the application of 
an external magnetic field (Fig. 4B and fig. 
$43). In contrast, the parent Nb,AIC MAX 
phase exhibited normal metal behavior down 
to the lowest measured temperature (1.8 K), 
which is consistent with a previously reported 
T. ~ 0.44 K for NbsAIC (28). For reference, 
Nb.CT, MXene with mixed O, OH, and F 
termination prepared by the traditional aque- 
ous HF etching route shows two orders of 
magnitude higher resistivity and no super- 
conductivity (fig. S44) (29). 

In contrast to the Nb,CCl, MXene, the re- 
sistivity of MXenes terminated with chalco- 
genide ions (O, S, Se) gradually increased 
when the sample was cooled (Fig. 4B), which 
is consistent with the activated transport 
regime. Given that UPS showed the finite 
density of states at E; in NboCS, (fig. S42), we 
hypothesized that the localization was con- 
trolled by the tunneling rates for charge car- 
riers between metallic MXene sheets. The 
oxo-terminated NbsCT, MxXene showed the 
highest resistivity, and the seleno-terminated 
MXene showed the lowest resistivity, con- 
sistent with the reduction of the tunneling 
barrier heights between the MXene sheets. 

In the low-temperature region, we observed 
superconducting transitions in NbzCS, (T, ~ 
6.4K), NboCSe (7, ~ 4.5 K), and Nb2C(NH) 
(T. ~ 7.1 K) (fig. $34), whereas Nb2CO, did 
not enter the superconducting state (fig. S45). 
In granular metals, the development of mac- 
roscopic superconductivity can be suppressed 
by weak coupling of individual supercon- 
ducting domains, which is also reflected by 
the high resistivity in the normal state (30). 
The upper critical field (119 H,.2) showed a strong 
dependence on the surface functional group. 


21 August 2020 


p (millionm:cm) 


1 10 
Temperature (K) 


100 


For example, Nb2CS, MXene exhibited higher 
UoH,»2 compared with Nb2CCl. (Fig. 4B, inset, 
and fig. S46). Bare Nb2CO, MXenes, on the 
other hand, showed no transition to the su- 
perconducting state down to 1.8 K (Fig. 4B). 
Thus, surface groups were not spectators but 
active contributors to the MXene supercon- 
ductivity, which is consistent with surface 
groups affecting biaxial lattice strain, pho- 
non frequencies, and the strength of electron- 
phonon coupling. 

The MXene exchange reactions represent 
an exciting counterexample to the traditional 
perception of solids as entities that are dif- 
ficult to postsynthetically modify. We showed 
that chemical bonds inside an extended MXene 
stack can be rationally designed in a way that is 
more typical for molecular compounds. Other 
MXene structures could be enabled by the 
combinations of etching and substitution re- 
actions using Lewis acidic and Lewis basic 
molten salts, respectively. 
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SOSTDC1-producing follicular helper T cells promote 
regulatory follicular T cell differentiation 


Xin Wu’, Yun Wang’, Rui Huang’, Qujing Gai’, Haofei Liu’, Meimei Shi’, Xiang Zhang’, Yonglin Zuo’, 
Longjuan Chen’, Qiwen Zhao’, Yu Shi’, Fengchao Wang’, Xiaowei Yan°, Huiping Lu*, Senlin Xu’, 
Xiaohong Yao’, Lin Chen?, Xia Zhang?, Qiang Tian**, Ziyan Yang®, Bo Zhong®, Chen Dong‘, 


Yan Wang?'t, Xiu-Wu Bian'}, Xindong Liu’+ 


Germinal center (GC) responses potentiate the generation of follicular regulatory T (TrR) cells. 
However, the molecular cues driving Trp cell formation remain unknown. Here, we show that sclerostin 
domain-containing protein 1 (SOSTDC1), secreted by a subpopulation of follicular helper T (Trx) cells 
and T-B cell border-enriched fibroblastic reticular cells, is developmentally required for Trp cell 
generation. Fate tracking and transcriptome assessment in reporter mice establishes SOSTDC1- 
expressing Try cells as a distinct T cell population that develops after SOSTDC1” Try cells and loses 
the ability to help B cells for antibody production. Notably, Sostdcl ablation in Ty cells results in 
substantially reduced Trp cell numbers and consequently elevated GC responses. Mechanistically, 
SOSTDC1 blocks the WNT-f-catenin axis and facilitates Trp cell differentiation. 


nlike follicular helper T (Ty) cells, which 
initiate germinal center (GC) reactions 
(1-4), follicular regulatory T (Typ) cells, 
a recently identified subset of Foxp3- 
expressing regulatory T (Tyeg) cells, con- 
strain GC reactions (5-10). Thymus-derived Tyeg 
cells give rise to Trp cells through the up- 
regulation of Tj; cell-related signature mole- 
cules (5, IJ, 12). Trp cells thus share chimeric 


features with both Try and T,cg cells simulta- 
neously (11, 13-15). However, the environmental 
cues attributed to Typ cell commitment re- 
main unclear. 

We recently observed that sclerostin domain- 
containing protein 1 (SOSTDC1), a secreted 
protein containing a C-terminal cysteine knot- 
like domain, was selectively expressed in Tyr 
cells (16). The Sostdcl locus in Ty; cells was 


marked with the active marker trimethylated 
histone H3 lysine 4 (H3K4me3) and lacked the 
repressive marker H3K27me3, as compared 
with other CD4* T cell subsets (fig. SLA). Sostdcl 
mRNA was expressed in Try cells but not in 
other T cell populations (Fig. 1A). SOSTDC1 
protein was highly expressed in cells that 
localized in B cell follicles, especially at the T- 
B cell border (fig. S1B). In Sostdcl"“"? reporter 
mice challenged with either influenza viruses 
or antigen immunization, SOSTDC1 expression 
in CD4* T cells was confined to CXCR5*PD-1* 
Try cells (fig. $2, A to E). Anatomically, 
enhanced green fluorescent protein (EGFP)* 
cells were enriched at T-B cell border and 
B cell follicle regions (fig. $3, A and B). At T- 
B cell border regions, Sostdcl* cells com- 
prised both EGFP* CD4" T and podoplanin* 
fibroblastic reticular cells (FRCs) (fig. S3B). 
Notably, the number of Sostdcl* CD4"* T cells 
located at the T-B cell border was second only 
to that in the B cell follicle (fig. S3C). Thus, 
Sostdel is preferentially expressed in Try 
cells and T-B cell border-resident FRCs in 
peripheral lymphoid organs. 

SOSTDC1 expression in Ty; cells was ini- 
tiated at day 3, gradually increased from day 3 
to 7, and maintained until at least day 15 at 
~12% (Fig. 1B). On day 8, SOSTDCI-EGFP* Ty 
cells were located in B cell follicles and at T-B 
cell borders (Fig. 1C). Additionally, phenotyping 
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Fig. 1. SOSTDC1 is selectively expressed in a subpopulation of Try cells. 


(A) Cxcr5 and Sostdcl mRNA levels in naive CD4* T, as well as Ter, NON-TrR Tregs, 


Try, and non-Try cells that were sorted from KLH- and complete Freund's 
adjuvant (CFA)-immunized Foxp3®°? mice. (B) Flow cytometric analysis of 
donor cells from CD45.1* mice that received naive Sostdcl®°P/OT-II cells, 
followed by immunization with ovalbumin (OVA) and CFA. (€) Immuno- 
fluorescent staining of dLNs from mice that received Sostdcl®°P/OT-II cells, 
followed by immunization with OVA in CFA subcutaneously for 8 days. Green: 
SOSTDC1-GFP; Red: IgD; scale bars: 200 um. The dashed lines demarcate the 
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cytometric analysis of CD4* T cells with red fluorescent protein (RFP) and EGFP 
gating from WT, Bcl6®'P, and Bcl6®*P/Sostdcl®FP mice immunized sub- 
cutaneously with KLH in CFA for 7 days. (E) Flow cytometric analysis of donor 
Tey Cells in congenic mice that received SOSTDC1-EGFP* Bcl6-RFP* Try OT-ll 
cells, followed by immunization with OVA in incomplete Freund's adjuvant 
subcutaneously for 7 days. Sp, spleens. Error bars indicate SEM. Statistical tests: 
Student's t test. **P < 0.01. Data represent at least two independent 
experiments with three to five mice per group. 
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of Sostder"“*" /Bcl6**” dual-reporter mice dem- 
onstrated that SOSTDC1* Try cells (~5%) 
coexisted distinctly from SOSTDCI Ty, cells 
(~10%) in the draining lymph nodes (dLNs) 
(Fig. 1D). Furthermore, most SOSTDC1* Tyy 
cells were able to maintain their phenotype 
during a recall response (Fig. 1E). Thus, a dis- 
tinctive subpopulation of Ty cells exists that 
is defined by SOSTDC1 expression. 

Gene expression analysis revealed that the 
SOSTDC1* Tyy cells were distinct from those 
of SOSTDC1 Tyy and non-Try cells (Fig. 2, 
A and B). In comparison with non-Tpyz cells, 


A CD4*CD44"'T cells 


although both SOSTDC1* and SOSTDCI” Try 
cells expressed equivalent levels of the Try cell 
signature genes Ascl2, Bcl6, and Cxcr5 and 
reduced expression of Gata3, Ifng, Rorc, and 
Tbx21, SOSTDCI* Try cells distinguished them- 
selves from SOSTDC1” Ty cells by overexpres- 
sion of Sostdcl and Zfp703 and reduction of J/4, 
1121, and Cd154, as well as WNT-related genes, 
such as Wnt3a and Lrp5 (Fig. 2C). Single-cell 
RNA sequencing (scRNA-seq) analysis con- 
firmed differential transcriptome between 
Sostdcl* (cluster 4) and SostdcI” (cluster 2) 
Tr cells (fig. S4, A and B). Further pseudo- 


PCA using 10,870 genes 


i) 
? 


temporal ordering analysis demonstrated a 
developmental transition from SostdcI to 
Sostdcl* Tyr cell (fig. S4C). In vivo fate map- 
ping showed that SostdcI* Ty cell appears to 
develop from plastic precursor SOSTDCI Try 
cells (fig. S4D). Although both populations 
of SOSTDC1* and SOSTDCI Try cells were 
predominantly distributed in follicle and T-B 
cell interface regions, higher percentages of 
SOSTDC1* Try cells were located in follicles 
and GC regions than SOSTDCI1 Ty; cells (fig. 
S4E). Functionally, unlike SOSTDCT Ty, cells, 
SOSTDCI* Tyy; cells were unable to help B cells 
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Fig. 2. SOSTDC1-expressing Try cells represent a distinct subpopulation 
of Try cells that do not help B cells to promote antibody production. 
(A to C) RNA-seq assessment of sorted CD44" CD4* BCL6-RFP* SOSTDC1- 


EGFP Tru 


SOSTDC1- 
that were 


cells, BCL6-RFP* SOSTDC1-EGFP* Try cells, and BCL6-RFP™ 
EGFP” non-Try cells from Sostdcl®°/Bcl6® dual-reporter mice 
immunized subcutaneously with KLH and CFA for 7 days. 


(A) Heatmap of genes expressed differentially in these three populations of 
cells. (B) Principle components analysis (PCA) of their transcriptomes. 


(C) Quanti 


tative reverse transcription polymerase chain reaction (qRT-PCR) 


measurement of gene expression by these three populations. NS, no 


significance. (D and E) Assessment of the role of Try cells in regulating B cell 
responses. Non-Tey (control), SOSTDC1-EGFP™ Try, and SOSTDC1-EGFP* 
Try cells were sorted from Sostdcl©*'? mice that received immunization 
with KLH and CFA subcutaneously for 7 days and cocultured separately 
with B220*lgD* B cells for 6 days. (D) Flow cytometric analysis of class- 
switched (lgG1*GL7*) B cells from cocultures. MFI, mean fluorescence 
intensity. (E) B cell proliferation measured by Cell Trace Violet (CTV) at 

day 6. Max, maximum. Data represent at least two independent experiments 
with five to seven mice per group. Error bars indicate SEM. Statistical tests: 
one-way analysis of variance (ANOVA). **P < 0.01. 
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Fig. 3. Try cell-derived SOSTDC1 is required for Trp cell generation. 

(A to C) Sorted Foxp3-GFP* nT,eg and B1.8 B cells were cotransferred with 
naive WT or Sostdel-’~ OT-II cells into Ragl~”~ recipient mice, followed by 
immunization with NP-OVA and CFA subcutaneously for 7 days. Flow 
cytometric analysis and quantification of Ter and Treg cells (A), TrH cells (B), 
and GC B cells (C) in dLNs. (D to H) WT and Sostdcl~”~ mice were 

infected intranasally with influenza virus A/PR8 for 15 days. Their body 
weights (D) were measured and lung viral titers were assessed by 


for antibody production, partially because of 
lower levels of /4 and J121, as well as surface 
Cdi154 (CD40L) (Fig. 2, C to E, and fig. S5, A 
to C). Thus, SOSTDC1-expressing T cells are a 
distinct subpopulation of Ty cells that develop 
from SOSTDCI1 Try; cells and lose their ability 
to provide help for B cells. 

During the course of keyhole limpet hemo- 
cyanin (KLH) immunization, SostdcI deficiency 
substantially increased the percentage of GC 
B cells and serum levels of KLH-specific im- 
munoglobulin G2c (IgG2c) and IgG2b while 
leaving the Tyy cell population unchanged 
(fig. S6, A to C). By contrast, Tr cells were 
significantly reduced as a percentage of total 
cells and in comparison with Ty cells (fig. S6, 
C and D). Furthermore, we adapted a cotrans- 
fer mouse model and found Sostdcl deficiency 
in donor OT-II cells blocked Typ cell generation 
and consequentially enhanced GC responses 
(Fig. 3, A to C). Sostdcl deficiency reduced the 
percentage, but not number, of Try cells (Fig. 
3B and fig. $7, A and B). In the context of in- 
fluenza viral infection, SostdcI’ * mice displayed 
substantially reduced weight loss, viral loads, 
and lung tissue damage compared with wild- 
type (WT) mice (Fig. 3, D to F). Consistent with 
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these KLH immunization data, Sostdcl defi- 
ciency largely increased GC responses, con- 
comitant with reduced Typ cell numbers and 
impaired expression of ICOS and CTLA4 by 
Trr cells (Fig. 3, G and H, and fig. S8, A to C). 
Thus, Sostdcl ablation results in Trp defects, 
which, in turn, enhances humoral immunity 
against viruses. 

To delineate the roles of Try cell- and FRC- 
derived SOSTDCI1 in Typ cell differentia- 
tion, we first generated mixed bone marrow 
chimeras by transferring WT bone marrow 
cells to Sostdel’”- recipient mice and vice versa. 
This demonstrated that SOSTDC1-expressing 
cells of both hematopoietic and nonhemato- 
poietic origin support Trp cell generation. (fig. 
S9, A to D). Furthermore, bone marrow chimeras 
reconstituted with either WT + SostdcI”~ or 
Belo" TCqgcr + Sostdct’- bone marrow cells 
revealed that Tyy-derived SOSTDCI was crit- 
ical for Trp cell formation (fig. S10, A to C). 
Thus, SOSTDC1-expressing Ty; cells may func- 
tion with nonhematopoietic FRCs to support 
Trr cell generation through SOSTDCI1. 

To rule out the possibility that defective 
features of Trp cells by Sostdcl ablation are 
potentially inherited from thymic T cells, we 
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hemagglutinin (HA) gene expression with qRT-PCR (E). (F) Representative 
hematoxylin and eosin images of lung sections. Scale bars, 200 um. 

Flow cytometric analysis and quantification of Trp cells numbers (G) as 
well as Ter cell ICOS and CTLA4 expression (H) in lung dLNs. Red, WT Tre 
cells; blue, Sostdcl~”” Trp cells; gray, naive CD4* T cells. Data are 
representative of at least two independent experiments, with three to five 
mice per group. Error bars indicate SEM. Statistical tests: two-way ANOVA 
[(A) to (D)] and Student's t test [(E), (G), and (H)]; *P < 0.05, **P < 0.01. 


analyzed and compared T cell populations 
and activation status between WT and Sostdcl’”- 
mice. The percentages of CD4*, CD4*CD8", 
and CD8* T cells in the thymus and Foxp3* 
Treg cell in the lymph nodes were unaffected 
by SostdcI ablation (fig. S11, A and B). Ad- 
ditionally, in chimeric mice reconstituted 
with WT and SostdcI’” bone marrow, Sostdcl 
deficiency did not affect thymic T cell devel- 
opment and peripheral T cell homeostasis 
(fig. S11, C and D). 

SOSTDC1 inhibits the canonical WNT-B- 
catenin pathway (17-19). The most pronounced 
difference between SOSTDCI and SOSTDC1* 
Try cell subsets was the overexpression of 
WNT ligand genes in SOSTDC1 Tyy cells, 
whereas WNT-antagonistic genes were elevated 
in SOSTDCI* Tyy cells (Fig. 4A). Given that 
canonical WNT signaling inhibits Tye, cells 
(20, 21), we hypothesized that the defective 
Trr cells observed in Sostdcl deficiency are due 
to the dysregulation of the WNT-B-catenin 
signaling axis. Sostdci ablation increased }-catenin 
levels in Typ cells significantly more than in 
Ty and Foxp3*CXCR5~ Tyeg cells (Fig. 4B and 
fig. S12A). Consistent with this, the global 
transcriptional changes by Sostdc1 ablation in 
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Fig. 4. SOSTDC1 promotes Trp cell generation through blockade of the WNT-f-catenin pathway. 
(A) Gene set enrichment analysis (GSEA) of transcriptomes in SOSTDC1-EGFP” and SOSTDC1-EGFP* Try 


cells. (B) B-catenin expression in Trp and non-TrR Treg cells from WT and Sostdcl 
subcutaneously with KLH and CFA for 7 days. (C and D) RNA-seq analyses of GITR™ Tre cells and 
GITR" non-Trr Treg cells were sorted from WT or Sostdcl 
and CFA for 7 days. These populations were valuated with Foxp3 staining. (C) GSEA of altered genes 

in Ter (Sostdcl-”— versus WT) in the context of gene set from Treg (Ctnnb1 versus WT) (21). FDR, false 
iscovery rate. (D) Gene expression scatter plot of 8245 genes altered similarly between Trp (Sostdcl’ 
versus WT) and Treg (Ctnnb1° versus WT) cells. Red, up-regulated effectors; green, down-regulated 
transcriptional repressors. (E) Immunofluorescent staining and assessment of Foxp3* and EGFP* cells 

in dLNs sections from Sostdcl€°*? mice immunized with KLH and CFA subcutaneously for 7 days. 
Red, Foxp3; blue, IgD; and green, SOSTDC1-EGFP. Scale bars, 200 um. (F) Schematic model fo 
differentiation and function of SOSTDC1” Try cells. The data are representative of at least two 
ndependent experiments, with three to five mice per group. Error bars indicate SEM. Statistica 
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two-way ANOVA, *P < 0.05, **P < 0.01. 


Trr, but not CKCR5” Treg, cells were positively 
correlated with that in B-catenin-stabilized 
Treg cells (21) (Fig. 4C and fig. $12, B to D). 
Specifically, Sostdcl deficiency significantly 
up-regulated the expression of effector cyto- 
kines (14, 15, 116, 1113, 1121, and Ifng) and 
down-regulated transcriptional repressors 
(Nr4al, Id3, and Foxp4) in Trp cells (Fig. 4D). 
Furthermore, Sostdc! ablation enriched f-catenin- 
lymphoid enhancer factor-T cell factor bind- 
ing motif while reducing KLF family binding 
in Trp cells (fig. S12E). Last, there were com- 
parable levels of bone morphogenetic protein 
(BMP) pathway-related Smad4 and phos- 
phorylated Smad1 and Smad5 in WT and 
Sostdcl/~ Tre cells (fig. S12F), excluding the 
possible correlation of SOSTDC1 with the BMP 
signaling cascade (22, 23). Thus, SostdcI ab- 
lation predominantly augments the B-catenin- 
controlled transcriptome, which blocks Trp cell 
differentiation. 
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~~ mice immunized subcutaneously with KLH 
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To specify the role of 8-catenin in Trp cells, 
we generated chimeric mice containing 
WT or CtnndI/Ert2™ nT reg cells in which 
B-catenin can be stabilized by tamoxifen (fig. 
S13A). Assessment of donor cells revealed 
that stabilization of B-catenin impaired Typ 
cell generation significantly (fig. S13B). Addi- 
tionally, in chimeras transduced with WT 
and Ctnnbr"/"/Ccd4“ bone marrow, Ctnnbr!/ 
cd4“° bone marrow-derived Typ cells pre- 
dominated over WT bone marrow-derived 
counterparts (fig. S13C). Thus, B-catenin 
plays a negative role in regulating Typ cell 
differentiation. 

SOSTDCI1-EGFP”* cells were localized prox- 
imally to Foxp3* T cells in B cell follicle and 
T-B cell border regions. Furthermore, more 
than 60% of Foxp3* T cells were surrounded 
by at least one SOSTDC1-EGFP”* neighbor cell 
with a distance of less than one cell diameter 
(Fig. 4E), suggesting that SOSTDC1* cells func- 


T cells with Wnt3a plus increased dosage of 
SOSTDC1, SOSTDC1 attenuated the levels of 
B-catenin and phosphorylated LRP6 in a dose- 
dependent manner (fig. S15B). Furthermore, 
double disruption of LRP5 and LRP6 appreciably 
rescued both Foxp3* Tyeg cell and Foxp3*CXCR5~ 
Trr cell subsets in the context of heightened 
WNT ligands (fig. S15, C to E). Thus, SOSTDC1 
can govern Trp cell differentiation by neutral- 
izing extrinsic WNT ligands. 

Uncontrolled WNT-f-catenin signaling plays 
a critical role in autoimmune diseases (20, 24-27). 
SOSTDCI, produced by a subpopulation of 
Try cells and T-B cell interface-resident 
stromal FRCs, is able to promote commit- 
ment to the Trp cell fate by means of the 
blockade of WNT stimuli. Both this Ty cell 
subpopulation and resident FRCs form a 
negative regulatory layer to curtail humoral 
immunity (Fig. 4F). Consequently, manipula- 
tion of the reciprocal SOSTDCI-WNT signal- 
ing axis may have clinical benefits for vaccine 
development and the treatment of autoim- 
mune diseases. 
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Julich-Brain: A 3D probabilistic atlas 
of the human brain’s cytoarchitecture 


Katrin Amunts'2*+, Hartmut Mohlberg’*+, Sebastian Bludau’, Karl Zilles? 


Cytoarchitecture is a basic principle of microstructural brain parcellation. We introduce Julich-Brain, a 
three-dimensional atlas containing cytoarchitectonic maps of cortical areas and subcortical nuclei. 

The atlas is probabilistic, which enables it to account for variations between individual brains. 

Building such an atlas was highly data- and labor-intensive and required the development of nested, 
interdependent workflows for detecting borders between brain areas, data processing, provenance 
tracking, and flexible execution of processing chains to handle large amounts of data at different spatial 
scales. Full cortical coverage was achieved by the inclusion of gap maps to complement cortical maps. 
The atlas is dynamic and will be adapted as mapping progresses; it is openly available to support 
neuroimaging studies as well as modeling and simulation; and it is interoperable, enabling connection to 


other atlases and resources. 


aps of the microstructural segregation 

of the human brain can offer improved 

understanding of the biological sub- 

strates of brain functions, dysfunctions, 

and behavior. Cytoarchitecture—the 
arrangement of cells, their distribution, com- 
position, and layering—is a major principle of 
microstructural brain organization. It is closely 
linked to the connectivity pattern of a region 
and its function (7). Furthermore, cytoarchitec- 
ture allows multiple aspects of brain organi- 
zation (such as myeloarchitecture, molecular 
architecture, gene expression, and activation 
or resting-state networks) to be referenced to a 
common ground that serves as the interface to 
represent and integrate the different aspects 
of brain organization (2). It is widely accepted 
that a multifaceted but integrated approach is 
a prerequisite for research into brain organi- 
zation (3, 4). 

Brodmann’s cytoarchitectonic map from 
1909 was one of the first maps of its kind and 
is still widely used. It has several limitations; 
for example, it shows only the left hemisphere 
of a single brain and therefore cannot account 
for intersubject variability. Evidence has been 
obtained that the number of cortical areas is 
in the range of 180 or more (2, 5, 6), as com- 
pared to 43 areas in Brodmann’s map. Sub- 
cortical structures have been mapped with 
the same level of detail (7) but are not part of 
the Brodmann atlas. Without analyzing and 
processing thousands of histological sections 
per brain with consistently high quality, the 
variable cytoarchitecture of areas and nuclei in 
a cytoarchitectonic map cannot be captured 
with sufficient spatial resolution (8). 
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We created the Julich-Brain atlas in our labs 
in Jiilich and Diisseldorf (Fig. 1). It is a cyto- 
architectonic atlas containing probabilistic 
maps of cortical areas and subcortical nuclei. 
Having started this endeavor in the mid-1990s, 
we more recently resorted to “crowdsourcing” 
strategies (but on a high professional level and 
based on profound expertise), which in turn 
required Big Data-capable processing work- 
flows. All of the necessary steps—preparation 
of human brain tissue, microstructural map- 
ping, analysis, and complex data processing— 
are data-, time-, and labor-intensive, all the more 
so with increasing sample sizes and higher 
spatial resolution. It is thus impossible to pro- 
vide whole-brain maps with sufficient de- 
tail by single researchers or small teams in 
an acceptable time frame. Increased com- 
puting power and storage capacities, as well 
as improved algorithms and workflows for 
data processing, now enable much faster 
and more robust processing at high spatial 
resolution. 

However, not all datasets and analyses ben- 
efit equally from improved data acquisition 
techniques. Our cytoarchitectonic mapping 
efforts started more than 25 years ago. The 
brains have already been histologically pro- 
cessed, and neither new high-field magnetic 
resonance imaging (MRI) data nor high- 
resolution blockface images can be acquired 
afterward. The quality of MRI data is thus 
constrained by the quality available at the time 
of acquisition. This may sometimes restrict the 
use of modern imaging tools and techniques, 
because these are often geared toward cur- 
rently available data quality. Specific data 
processing strategies considering both recent 
and older datasets are mandatory. To ensure 
accuracy, reproducibility, and consistency of 
data and processing steps over the entire data 
life cycle, automated and reproducible work- 
flows governed by provenance tracking are 
necessary. 
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We therefore developed a modular, flexible, 
and adaptive framework to create probabilis- 
tic cytoarchitectonic maps, resulting from the 
analysis of 10 postmortem human brains, for 
each area (Fig. 2). Maps were aligned to two 
widely used stereotaxic spaces, MNI-Colin27 
and ICBM152casym space (9), and super- 
imposed. The Julich-Brain atlas allows com- 
parison of functional activations, networks, 
genetic expression patterns, anatomical struc- 
tures, and other data obtained across different 
studies in a common stereotaxic reference 
space (Fig. 3). The framework relies on long- 
standing expertise for handling whole hu- 
man postmortem brains, cytoarchitectonic 
mapping of a variety of cortical and sub- 
cortical regions, and computational expertise 
to develop robust and adaptive tools, using 
both local clusters and supercomputers. All 
of these aspects have changed over time, 
and the creation of a uniform, reproducible, 
and probabilistic brain atlas depends on their 
convergence. 

The Julich-Brain atlas is based on histologi- 
cal sections of 23 postmortem brains (11 female, 
12 male; mean age = 64 years, age range = 30 to 
86 years; mean postmortem delay = 12 hours; 
table S1) acquired from the body donor pro- 
grams of the Anatomical Institute of the Uni- 
versity of Diisseldorf. The brains were fixed 
in formalin or Bodian solution, subjected to 
MRI, embedded in paraffin, and serially cut 
with a microtome into 20-um sections (JO). 
Cell bodies were stained using a modified 
Merker method. Histological sections were 
digitized with flatbed scanners at 10 um, re- 
duced to an isotropic resolution of 20 um, 
framed to a fixed picture size, and stored 
as lossless compressed gray-level images. 
Two brains constitute complete series [the 
“BigBrain datasets,” one of which was pub- 
lished in (17)], where every single section was 
stained and digitized. The other brains were 
stained with intervals of up to 15 sections. This 
resulted in more than 24,000 histological sec- 
tions. Histological processing and staining, in- 
cluding mounting of sections and removal of 
small wrinkles and folds, entailed some degree 
of local deformation, damage, or staining in- 
homogeneity. Although this was unavoidable, 
fewer than 1% of the sections showed irre- 
trievable damage (e.g., loss of substantial 
parts of the tissue), and 20 to 30% had 
small, local damages. To correct for distortions 
in histological sections, we used the corre- 
sponding MRI datasets for 3D reconstruction 
(Fig. 2). Rather severe areas of damage in 
images of histological sections were manu- 
ally and, where applicable, semiautomatically 
corrected (17) (fig. SLA). 

The time-consuming repairs and the consid- 
erable amount of computing time for process- 
ing the BigBrain datasets required a workflow 
using supercomputers. The large number of 
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datasets, in combination with the complex- 
ity and diversity of the overall reconstruction 
workflow, required time- and resource-effective 
computational processing. This in turn re- 
quired advanced management of big datasets, 
computing, and provenance tracking (fig. S1). 
On the basis of the reconstruction of BigBrain 
1 (1), an adapted workflow was developed 
for the reconstruction of BigBrain 2, which 
includes an elaborate data provenance track- 
ing system. It served as the basis for a general- 
purpose dataflow management system that 
allowed restricting the recalculation to only 
those images that were affected by subse- 
quent repairs (fig. S1A), resulting in a sub- 
stantial reduction of computing time (2). In 
addition, the pipeline of the BigBrain 2 data- 
set was closely linked to the overall work- 
flow and was used in a similar way as for 
the other 21 postmortem brains. To recover 
the original shape and topology of the brain 
volume, we computed a 3D reconstruction 
of histological sections (fig. S3); for a recent 
survey of methods, see (13). The approach is 
based on a multistep procedure starting 
from an initially 3D dataset at a resolution 
of 0.3 mm? and is explained in the supple- 
mentary materials. 

Human brains show a variable pattern of 
sulci and gyri, plus intersubject variability in 
shape, localization, and extent of cytoarchi- 
tectonic regions (2). To make brains compara- 
ble, we initially transferred 3D reconstructed 
histological datasets to the stereotaxic space 
of the single-subject MNI-Colin27 template 
(fig. S3). In contrast to templates resulting 
from an “average” of many brain datasets [e.g., 
the MNI305 template (9)], the individual ref- 
erence brain shows a detailed (but not repre- 
sentative) anatomy, thus allowing a precise 
registration of the gross anatomy of the post- 
mortem brains to that space. Because mean 
group datasets are well accepted in the neuro- 
imaging community, nonlinear transformations 
into the ICBM2009casym space were also 
computed. This template represents a com- 
promise between the detailed but specific 
anatomy of the MNI-Colin27 brain and the 
more generic but smoother MNI305 template. 
The representation of the maps in these two 
spaces makes Julich-Brain interoperable with 
other atlases and resources [e.g., (6, 7, 14, 15)] 
and connects it to large cohort studies such 
as the Human Connectome Project (HCP; 
www.humanconnectome.org) and UK Biobank 
(www.ukbiobank.ac.uk) (see also supplementary 
materials). 

Different approaches are available to re- 
gister postmortem brains to each other [for 
an overview, see (13)]. To develop an atlas 
with both cortical areas and subcortical nu- 
clei, we started with a volume-based approach, 
which provided a consistent registration 
framework for both cortical and subcor- 
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tical structures. An elastic 3D registration 
was applied with a well-matched parameter 
set that was also used for the 2D registra- 
tions. The method showed high reliability 
in both postmortem and in vivo datasets. The 
registration of all postmortem brains to the 
MNI-Colin27 and the ICBM152casym refer- 
ence brains resulted in a similar folding 
pattern and shape of the 3D-reconstructed 
datasets and the template (fig. S3). The 3D 
vector field transformations of each 3D- 
reconstructed histological dataset were stored 
and were later applied to the mapped cyto- 
architectonic areas. 

To date, 41 projects have resulted in maps of 
248 cytoarchitectonic areas (Fig. 1). Projects 
were carried out by doctoral students, research- 
ers, and guest scientists and have been pub- 
lished in peer-reviewed scientific journals [for 
an overview, see (2)]. These publications pro- 
vide details of cytoarchitecture, localization 
with respect to sulci/gyri and stereotaxic space, 
intersubject variability, and other features; 
some of them also refer to the relationship of 
the areas to functional imaging studies, re- 
ceptor architecture, and/or area-specific gene 
expression. 


Each map is based on analyses of 10 post- 
mortem brains (5 male, 5 female), which were 
selected from the pool of 23 brains on the basis 
of their folding pattern, the presence of already 
mapped neighboring areas, the orientation 
of the cutting plane, etc. Consequently, over- 
lapping and sometimes similar samples were 
analyzed for different regions. 

Depending on the size and shape of a struc- 
ture, every 15th to 60th section was mapped 
over the whole extent of a cytoarchitectonic 
region. Borders between cortical areas were 
identified using image analysis and statistical 
criteria to make mapping reproducible (6). 
The positions of borders were labeled in the 
digitized sections, and a closed polygon (con- 
tour line) marked its extent in the section 
(fig. S4). For subcortical nuclei, the outer bound- 
aries of nuclei were identified in histological 
sections and labeled as closed polygonal lines. 
Contour lines were also used for a quality 
check of each map over its full extent (fig. S4). 

As a next step, individual shrinkage-corrected 
volumes for each area/nucleus, hemisphere, 
and brain were calculated (see supplemen- 
tary materials). The analysis of the 120 cur- 
rently available areas showed considerable 


Fig. 1. Cytoarchitectonic maximum probability maps of Julich-Brain in MNI-Colin27 reference space. 
Areas have different colors; views of the left and right hemispheres are shown. The lower panel 

shows structures located in the depths of the brain. Datasets of published areas are freely available 
through the Julich-Brain and HBP data portals. Both web-based interfaces allow the visualization 

and inspection of probabilistic and maximum probability maps as surface (pial, smoothed white matter, 
inflated) and volume representations. 
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intersubject differences in volume (fig. S5), 
but differences between the two hemispheres 
were not significant at a global level, nor 
were differences between male and female 
brains (see table S2 for full information on these 
volumes). The list of volumes is a growing 
resource together with the probabilistic maps 
of areas and nuclei, made available and con- 
stantly updated through the Knowledge graph 
of the European Human Brain Project (HBP; 
see https://ebrains.eu). 


The comparison of the degree of intersub- 
ject variability suggests differences between 
brain regions (fig. S5). For example, we found 
high variability (i.e., low values for probability) 
in Broca’s region with areas 44 and 45 and the 
superior parietal lobule, whereas the occipital 
pole with the primary and secondary visual 
cortices (BA17/18) and area Te3 in the tempo- 
ral lobe appeared less variable. 

Previous and ongoing mapping projects 
resulted in more than 10,616 XML files con- 


Stacked histological sections 


taining 85,210 contour lines with 3,737,771 points 
and a total length of 1961 m. Stacks with con- 
tour lines were managed using the open-source 
version control software Subversion, which 
automatically manages files and directories 
so as to document the complete history of how 
the localization of an areal border might have 
changed over its life cycle (fig. SIB). Changes 
may occur when a new mapping project re- 
quires reanalysis of an already existing map, 
but these have been small in the past. 


Quality check and repairs 


Coarse 2D to 3D reconstruction 
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Fig. 2. Workflow of the 3D reconstruction of serial histological sections 
and alignment of brain data to a reference space, cytoarchitectonic analysis 
in 2D images, and the computing of the probabilistic Julich-Brain atlas. 

(A) To recover the 3D shape of a postmortem brain, we applied a combination of 
linear and nonlinear processing steps at different scales based on the undistorted 
MRI dataset, and optional on blockface images, obtained during sectioning. The 
digitized histological images were repaired and corrected for illumination and 
optical imbalances. A rigid section-to-section alignment was computed to create 
a first approximate 3D reconstruction. It served to align the MRI dataset to 

the corresponding section planes by a rigid-body transformation. The sections 
were nonlinearly registered to the sections of the MRI by an elastic method. 
The alignment was improved by re-registering the output several times, section 
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by section, to a median filtered version. (B) The cytoarchitecture was analyzed in 
consecutive histological sections covering the complete extent of an area and 
characterized by the gray-level index (16). Contour lines of the areas were 
submitted to a data repository, 3D-reconstructed, and topologically normalized. 
Linear and nonlinear transformations were applied to the areas, and areas 
were superimposed to form the cytoarchitectonic probability map. (©) Volume- 
and surface-based maximum probability maps of the Julich-Brain atlas were 
computed. To effectively organize the intensive computations, we implemented a 
data processing management system that allowed distributed processing of a 
large number of datasets across multiple CPU cores. It was designed to scale up 
well from a single core computer system up to thousands of computing nodes in 
a high-performance computing environment (12). See fig. S1, A to C, for details. 
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The areas and nuclei were also transformed to 
the stereotaxic MNI-Colin27 and ICBM2009casym 
reference space, using the computed whole-brain 
transformations, and superimposed (see sup- 
plementary materials). The resulting probabi- 
listic, cytoarchitectonic maps were stored as 
volume data files. By projecting the probability 
values onto the surface, a surface-based repre- 
sentation of cytoarchitectonic cortical maps 
was computed (Fig. 1 and fig. S6). The result- 
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Fig. 3. Examples of applications of the Julich-Brain atlas. (A) Screenshot 

of the web-based atlas tool in the Human Brain Atlas of the HBP showing probability 
maps in different views. (B and C) JuGEx enables analysis of differential gene 
expression in cytoarchitectonic maps (B) and linkage and exploration of DT|-based 
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ing values, indicating the probability of an area 
or nucleus being localized in a given voxel (0% 
to 100% overlap), range from 0.0 to 1.0; this 
number provides a measure for variations of a 
given area in localization and extent from brain 
to brain (i.e., intersubject variability). These 
probabilistic maps overlap with each other; 
that is, voxels in reference space can usually be 
assigned to more than one area, each with a 
well-defined probability, summing up to 100% 


RON Fpt 
‘Area Ft (FPole) ~ left hemisphere « 
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ROI2 Fp2 
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(fig. S6). We found that about 50% of the voxels 
were associated with a single area or nucleus, 
35% with two, and 15% with three or more. 
To reduce complexity and to visualize the ex- 
tent of areas comparable to Brodmann’s map, 
we calculated a maximum probability map 
(MPM). Each voxel in the reference brain was 
assigned to the cytoarchitectonic area with 
the highest probability at that position (77). 
The average overlap fraction of all currently 


connectivity (e.g., left Broca’s area 45) (C). (D) Superposition of the probabilistic map 
of Broca’s area 44 on a dataset of a patient with a brain lesion and aphasia. The maps 
allow precise statements about the microanatomical location of a neuroimaging 
finding, and are a tool to quantify these findings by using the maps as a mask. 


4 of 5 


RESEARCH | REPORT 


mapped and adjacent areas results in a thresh- 
old value of about 35%. Under the assumption 
that this threshold also applies to MPM borders 
to yet unmapped areas, this threshold is used 
to cut the MPM toward unmapped regions. 
The visualization of neighboring areas dem- 
onstrates that gyri may be occupied by one 
or more areas that differ in cytoarchitecture 
and function. Conversely, single areas may be 
found on more than one gyrus; examples are 
given for the auditory cortex in fig. S7. The 
manifold of relationships between areas and 
sulci/gyri illustrates the advantage and higher 
precision of cytoarchitectonic probabilistic maps 
as compared to macroscopic brain maps. 

At present, about 70% of the cortical surface 
has been covered by completed and published 
mapping projects. However, there are still 
areas that have not been mapped and repre- 
sent projects for future research. To provide 
whole-brain coverage for the cortex (fig. S8), 
we have combined parts of the cortex that have 
not yet been charted into several “gap maps,” 
pooling these uncharted areas in a given brain 
region (see supplementary materials and fig. 
89). The distributions were modeled so that 
probabilistic gap maps were computed in anal- 
ogy to the other maps. As mapping progresses, 
new maps are continuously replacing gap maps 
while the process is captured and documented 
by provenance tracking. Consequently, the atlas 
is not static (as is, e.g., Brodmann’s map) but 
rather represents a “living map’—a concept 
that is known, for example, from geography for 
navigating complex spaces. 

Gap maps allow computation of a parcella- 
tion covering the entire cortical surface and 
the unambiguous assignment of each position 
to a cortical region. Together with the increas- 
ing number of probabilistic maps of subcortical 
nuclei, gap maps contribute to a whole-brain 
human atlas. Maps in Julich-Brain can be com- 
bined with findings in other atlases and maps; 
one example involves the study of microstruc- 
tural correlates of activations from neuroim- 
aging studies of healthy subjects and patients 
(Fig. 3). Moreover, Julich-Brain contributes 
to brain modeling and simulation through 
informing the model by a functionally sound 
microstructural parcellation. It is expected 
that this will open new avenues to generate 
models of brain activity such as those used in 
the treatment of epilepsy, where personalized 
brain models are used to predict the propaga- 
tion of seizures (78). 
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The modular, flexible, and extensible work- 
flows cover a broad range of steps from image 
acquisition to 3D reconstruction and the gen- 
eration of probabilistic maps, which can be 
found in several areas of research. The me- 
thodical framework (or parts of it) can be ex- 
tended to brains of other species, and it can be 
used to process section images labeled by other 
techniques (e.g., immunohistology). New mod- 
ules can be added to the workflows for ap- 
plications such as mapping brain areas on the 
basis of deep learning (19). 

The Julich-Brain atlas is a freely available re- 
source (www julich-brain.org). Maps have been 
made available through different tools and web- 
sites such as the SPM anatomy toolbox (www-fz- 
juelich.de/inm/inm-7/JuelichAnatomyToolbox), 
FSL (https://fsLfmrib.ox.ac.uk), FreeSurfer (https:// 
surfernmrmgh.harvard.edu), and the EBRAINS 
research infrastructure of the HBP (https:// 
ebrains.eu/services/atlases). The maps can be 
linked to diffusion tensor imaging (DTI)-based 
connectivity data (Fig. 3C) and to gene expres- 
sion data provided by the Allen Institute for 
Brain Science (https://alleninstitute.org/what- 
we-do/brain-science) through the JuGEx tool 
(20) to enable a multimodal perspective on hu- 
man brain organization (Fig. 3B). 

Julich-Brain represents a new kind of human 
brain atlas that is (i) cytoarchitectonic to reflect 
a basic principle of the brain’s microstructural 
parcellation; (ii) whole-brain,to cover both the 
cerebral cortex and subcortical nuclei; (iii) 
3D-probabilistic, to consider variations be- 
tween individual brains in stereotaxic space; 
(iv) dynamic, a living atlas, to be supplemented 
by maps of new areas or subdivision of existing 
maps of areas (e.g., when new studies suggest 
a finer or new parcellation); (v) flexible, to 
allow for modifications of modules in the 
workflows for other data modalities, organs, 
or species; (vi) open-access and based on FAIR 
principles, to contribute to studies by other 
researchers addressing structure-function re- 
lationships and network organization; and (vi) 
interoperable, to link it to other atlases and 
resources that provide complementary informa- 
tion about brain organization. 
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Antitumor activity of a systemic STING-activating 
non-nucleotide cGAMP mimetic 


Emily N. Chin’, Chenguang Yu", Vincent F. Vartabedian**, Ying Jia'**, Manoj Kumar’, Ana M. Gamo“, 
William Vernier2, Sabrina H. Ali, Mildred Kissai*, Daniel C. Lazar®, Nhan Nguyen®, Laura E. Pereira’, 
Brent Benish?, Ashley K. Woods”, Sean B. Joseph’, Alan Chu’, Kristen A. Johnson?, 

Philipp N. Sander’, Francisco Martinez-Pefia’, Eric N. Hampton’, Travis S. Young, Dennis W. Wolan*, 
Arnab K. Chatterjee”, Peter G. Schultz>?, H. Michael Petrassi+, John R. Teijaro*}, Luke L. Lairson’+ 


Stimulator of interferon genes (STING) links innate immunity to biological processes ranging 
from antitumor immunity to microbiome homeostasis. Mechanistic understanding of the 
anticancer potential for STING receptor activation is currently limited by metabolic instability of 
the natural cyclic dinucleotide (CDN) ligands. From a pathway-targeted cell-based screen, we 
identified a non-nucleotide, small-molecule STING agonist, termed SR-717, that demonstrates 
broad interspecies and interallelic specificity. A 1.8-angstrom cocrystal structure revealed 
that SR-717 functions as a direct cyclic guanosine monophosphate—adenosine monophosphate 
(cGAMP) mimetic that induces the same “closed” conformation of STING. SR-717 displayed 
antitumor activity; promoted the activation of CD8* T, natural killer, and dendritic cells in 
relevant tissues; and facilitated antigen cross-priming. SR-717 also induced the expression 

of clinically relevant targets, including programmed cell death 1 ligand 1 (PD-L1), in a STING- 


dependent manner. 


he cyclic guanosine monophosphate 

(GMP)-adenosine monophosphate (AMP) 

synthase (cGAS)-stimulator of inter- 

feron genes (STING) (cGAS-STING) sig- 

naling pathway plays a critical role in 
the innate response to infection (/, 2). It also 
serves as a direct link between inflammation 
and diverse physiological processes, includ- 
ing micronuclei surveillance in the context 
of DNA damage (3, 4), age-associated in- 
flammation (5), mitochondrial DNA-related 
inflammatory phenotypes (6), and microbiome- 
dependent intestinal homeostasis (7). STING 
is an endoplasmic reticulum signaling protein, 
partially localized to mitochondria-associated 
membranes, that is broadly expressed in both 
immune and nonimmune cell types. STING 
binds cyclic dinucleotides (CDNs)—including 
2',3'-cyclic GMP-AMP (2',3'-cGAMP) produced 
by cGAS in response to cytosolic DNA (8)— 
and the scaffolding function rapidly induces 
type I interferon (IFN) and proinflamma- 
tory cytokines in a TBK1-IRF3-dependent 
fashion (9, 10). STING has been demonstrated 
to play essential roles in antitumor immu- 
nity. For example, efficient tumor-initiated 
T cell activation requires STING pathway- 
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dependent IFN-B expression, as well as ex- 
pression of STING in dendritic cells (DCs) 
(1, 12). 

Initial STING agonist small molecules were 
synthesized as derivatives of the CDN natural 
ligand; however, because of poor stability prop- 
erties, CDN-based agonist administration is 
limited to intratumoral delivery. Although 
intratumoral delivery of CDN agonists has 
consistently shown regression of established 
tumors in syngeneic models (73, 14), intra- 
tumor CDN administration in humans has 
been met with mixed success. Activation of 
the STING pathway has also been demon- 
strated to contribute notably to the antitumor 
effect of radiation and chemotherapeutics 
(4, 15, 16). As such, a systemic STING-activating 
agent has considerable potential utility, not 
only as a therapeutic for cancer and infec- 
tious disease but also as a pharmacological 
probe to enable mechanistic discovery in the 
context of STING-dependent antitumor im- 
munity and diverse STING-dependent bio- 
logical processes. 

We used a cGAS-STING pathway-targeted 
cell-based phenotypic screening approach 
to identify functional non-nucleotide small- 
molecule STING agonists. Human monocytic 
THP-1 cells, harboring an interferon regulatory 
factor (IRF)-inducible luciferase reporter con- 
struct (ISG-THP1), were used to screen a col- 
lection of ~100,000 commercially available 
structurally diverse druglike small molecules 
in 1536-well plate format [5 uM, 0.1% dimethyl 
sulfoxide (DMSO)]. Confirmed primary hits 
(plate-based z score >3) were evaluated in 
secondary assays involving STING knockout 
(ISG-THP1 STING-KO) or cGAS knockout 
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(ISG-THP1 cGAS KO) cell lines (fig. S1) to 
determine pathway specificity and potential 
target identity, respectively. Protein thermal 
shift assays, involving recombinant human 
and mouse STING protein (hSTING and 
mSTING), were used to profile compounds 
for direct on-target binding activity, cross- 
species activity, and human allele specificity. 
This resulted in the identification of SR-001 
(Fig. 1A), which was found to robustly induce 
reporter signal in ISG-THPI cells [fig. S2A; 
mean effective concentration (EC;9) ~1.1 uM] 
and ISG-THP1 cGAS KO cells (fig. S2B) but was 
completely inactive in ISG-THP1 STING KO 
cells (fig. S2, A to C), suggesting that the com- 
pound acts downstream of cGAS with a de- 
pendence on STING expression. Commercial 
SR-001 was also found to increase the ther- 
mal stability of the soluble C-terminal CDN- 
binding domain of recombinant human STING 
protein (hSTING®"") (fig. S2E), which is re- 
sponsible for recruiting downstream signaling 
proteins. Chemical resynthesis of SR-001 af- 
forded a compound that was consistently 
active in cell-based assays (fig. S2D) but was 
now devoid of activity in the STING thermal 
shift binding assay (fig. S2E). Analytical char- 
acterization of the commercial material re- 
vealed the presence of a minor but notable 
amount of the de-esterified derivative SR- 
012 (Fig. 1A). This suggested that SR-001 
was acting as a prodrug, with ester substi- 
tution being a requisite for cell permeabil- 
ity and the active STING-binding species 
being the carboxylic acid. 

Consistent with this hypothesis, synthetic 
SR-012 was found to bind both recombinant 
hSTING and mSTING protein (fig. S2E) but 
was inactive in cell-based assays (fig. S2D). 
SR-001 was also observed to be rapidly con- 
verted to SR-012 in cells (fig. S2F). To address 
the cell permeability of SR-012 and intrac- 
table rodent exposure properties of the SR-001 
prodrug, we completed a medicinal chem- 
istry effort focused on improved prodrug 
stability or bioisosteric replacement of the 
carboxylic acid or improved cell permeability 
for the carboxylic acid. This resulted in the 
identification of a carboxylic acid-containing 
analog, containing difluoro-substitution of 
the aniline ring system (SR-717; Fig. 1B), 
which was found to possess equivalent cell- 
based activity when compared with SR-001 
prodrug (Fig. 1C; ISG-THP1, ECs9 = 2.1 uM; 
ISG-THP1 cGAS KO, EC;9 = 2.2 uM; ISG- 
THP1 STING KO, no activity up to the limit 
of solubility). Critically, SR-717 increased the 
thermal stability of the common human al- 
leles of hSTING (Fig. 1D and fig. S3A), as well 
as that of recombinant soluble mSTING pro- 
tein (Fig. 1D), suggesting that the binding 
mode of SR-717 is not affected by interallelic 
or interspecies differences in amino acid 
sequence. This latter issue was ultimately 
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Fig. 1. Discovery and profile of small-molecule STING agonist SR-717. 

(A) Structure of prodrug screening hit SR-OO1 and elucidated STING agonist 
SR-012. Me, methyl. (B) Structure of optimized STING agonist SR-717. 

(C) Cell-based activity of SR-717 in ISG-THP1 (WT), ISG-THP1 cGAS KO (cGAS 
KO), and ISG-THP1 STING KO (STING KO) cell lines was quantified by normalizing 
SR-717-induced reporter activity to DMSO-treated reporter activity for each 

cell and reported as relative light units (RLU). (D) Impact of SR-717 (100 uM) or 
cGAMP (100 uM) on the melting temperature (AT;,) of recombinant common 
human alleles of STING protein (hSTING), as well as recombinant mSTING. 
REF, R232H; AQ, G230A, R293Q; Q, R293Q; d(Fluor)/dT, first derivative of 


fluorescence melt curve. (E) Quantitative reverse transcription polymerase 

chain reaction (qRT-PCR) analysis of time-dependent target gene expression in 
THPI cells treated with SR-717 (ECgo = 3.6 uM) normalized to DMSO-treated 
control. (F) qRT-PCR analysis of time-dependent target gene expression in freshly 
isolated human PBMCs treated with SR-717 (10 uM) normalized to DMSO-treated 
control. (G) Western blot analysis of the kinetics of activation of the cGAS-STING 
and FN-o/B receptor (IFNAR) signaling pathways in THP1 cells stimulated with 
SR-717 (ECgo = 3.6 uM). y-Tubulin was used as a loading control. Data are 
representative of three independent experiments [(C) to (G)], and values are 

the mean of three replicates + SD [(C) to (F)]. 


responsible for the clinical failure of 5,6- 
dimethylxanthone-4-acetic acid (DMXAA), 
avascular disrupting agent that can function 
as a murine STING agonist but fails to bind 
to the human form of the protein (17, 18). 
Characterization of SR-717 in a homogeneous 
time-resolved fluorescence-based cGAMP 
competition assay, involving wild-type (WT) 
human STING protein, revealed that SR-717 
binds to STING with an apparent affinity 
{mean inhibitory concentration (IC;9) = 7.8 uM; 
fig. S3B] that is comparable to its observed 
cell-based potency. Compound washout ex- 
periments revealed that a robust induction of 
reporter signal is achieved within 1 hour of 
exposure (fig. S3C). Further, SR-717 was found 
to possess mouse pharmacokinetic properties 
that would enable its in vivo characterization 
in the context of systemic administration (fig. 
S4A). Cell-free profiling of SR-717 at a concen- 
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tration of 5 uM against a panel of 468 kinases 
revealed the compound to be exceptionally 
selective, with only a single kinase (serine/ 
threonine kinase PIM3) being identified as 
an interacting partner (fig. $5; percent of 
control < 35). Kinetic characterization of the 
cell-based activity of SR-717, at the calculated 
ECgy concentration (3.6 uM), revealed that 
interferon-stimulated response element (ISRE)- 
luciferase reporter activity translated to ac- 
tivation of target gene expression. Specifically, 
SR-717 stimulates JFNBI expression within 
1 hour of incubation and achieves maximal 
activation by 2 hours of treatment, whereas 
activation of CXCZIO, a transcript activated 
by both IRF3 and IFN-f signaling, peaks at 
6 hours (Fig. 1E). Importantly, these ki- 
netics of activation are maintained in primary 
human peripheral blood mononuclear cells 
(PBMCs) (Fig. 1F). On-target pathway acti- 
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vation by SR-717 was further validated by 
analyzing the phosphorylation of TBK1, 
IRF3, and p65 signal transduction proteins 
(Fig. 1G), which are downstream of STING, 
as well as the secondary activation of STAT1 
and STATS (Fig. 1G), which are downstream 
of IFN-B and IL-6 signaling, respectively. 
Further, inhibition of the downstream effector 
TBK1, using small molecule inhibitor BX’795, 
was observed to block the induction of reporter 
signal (fig. S6, A and B) and downstream IRF-3 
and secondary STAT1 phosphorylation events 
(fig. S6C) by SR-717. 

The soluble cytosolic C-terminal region of 
hSTING exists in solution as a dimer and 
binds to naturally occurring and synthetic 
CDNs with varying degrees of affinity. X-ray 
crystallographic analysis of this CDN-binding 
domain has revealed that STING exists as a 
closely associated dimer that takes the shape 
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of a “pair of wings,” with an approximate 
antiparallel four-helix bundle making up an 
extensive buried dimer interface (19, 20). The 
solved cocrystal structures of cGAMP bound 
to hSTING revealed that cGAMP binds in a 
deep cleft at the dimer interface and causes 
a substantial conformational change, which 
leads to the formation of an antiparallel four- 
strand B-sheet overhead cap element that 
serves to completely envelop the CDN [fig. S7A, 
(18, 21)]. In the cGAMP-bound “closed” confor- 
mation, the distance between the tips of the 
symmetry-related 2 helices is substantially re- 
duced when compared with the unbound pro- 
tein structure [fig. S7B; Protein Data Bank 
(PDB) ID 4F9E (79)]. By contrast, binding of 
di-GMP CDN induces an increase in the angle 
and distance between the tips of the a2 heli- 
ces, leading to the formation of an “open” con- 
formation that lacks the B-sheet overhead cap 
element [fig. S7C; PDB ID 4F9G (79)]. Mech- 
anistic and structural studies involving cGAMP 
and DMXAA (J8, 21) suggested that ligands 
that induce the closed conformation lead to 
STING activation. Interestingly, diABZI-2 was 
recently described as eliciting the phosphoryl- 
ation of IRF3 and downstream target expres- 
sion leading to antitumor immunity by binding 
to STING and inducing an open conformation 
akin to that induced by di-GMP [fig. S7D; PDB 
ID 6DXL (22)]. It is intriguing that CDNs pro- 
duced directly by bacteria (i.e., di-GMP) can 
activate STING by stabilizing an open con- 
formation that is so substantially different to 
that of the closed conformation, which is in- 
duced by the endogenously produced second- 
ary message of cytosolic double-stranded DNA 
(ie., CGAMP). The biological consequences of 
differing CDN-induced conformation-dependent 
STING scaffolding functions remain to be fully 
characterized. 

The 1.8-A cocrystal structure of SR-717 bound 
to hSTING®”*” (residues 155 to 341) is shown 
in Fig. 2A (supporting crystallography statis- 
tics are shown in table S1), with simulated an- 
neal omit maps of unbiased electron density 
for bound ligands shown in fig. S8A. Binding 
of two molecules of SR-717 at the base of the 
STING dimer intersubunit cleft closely mimics 
the binding mode of cGAMP. It induces the 
same closed conformation (Fig. 2B and fig. S7A), 
involving a near identical characteristic reduc- 
tion in distance between the tips of the a2 
helices (Fig. 2C and fig. S7A), as well as the 
formation of the four-strand B-sheet overhead 
cap element (Fig. 2, A, B, and D; and fig. S7A). 
As occurs with both purine bases of bound 
cGAMP (/8, 21), the pyridazine ring of each 
molecule of SR-717 is “bracketed” by stacking 
interactions with the side chains of Tyr” (Y167) 
and Arg”?* (R238) from opposing monomers 
(Fig. 2, D and F, and fig. S9A). The structure 
of SR-717 facilitates a binding mode in which 
Thr?® (T263) side chain hydroxyls from both 
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© SR-717 
©) SR-717 
@ cGAMP (4kKSY) 


D Cap Element 


E F R238 R238° 
Y167° 
Y1672 cGAMP 
SR-7172 


©) SR-717 
@ di-GMP (4F9G) 


SR-717° 


Fig. 2. Crystal structure of SR-717 bound to hSTING®2°? and comparison to existing hSTING 
structures and intermolecular contacts. (A) The 1.8-A structure of SR-717 bound to hSTING®?2 (residues 
155 to 341). Ribbon representation of the symmetrical hSTING®** dimer and stick representations of 
SR-717 are shown. (B) Superposition of the structure of SR-717 bound to hSTING®@%? with the structure 

of cGAMP bound to hSTING [PDB ID 4KSY (21)], shown as yellow or blue ribbon representations, respectively, 
highlighting near identical closed conformations and associated formation of characteristic B-sheet 
overhead cap elements. Stick representations of bound SR-717 or cGAMP are shown. (C) Superposition 

of the structure of SR-717 bound to hSTING®#°? with the unbound (APO) structure of hSTING [PDB ID 4F9E 
(19)], shown as yellow or purple ribbon representations, respectively. (D) Details of the intermolecular 
contacts and hydrogen-bond (dashed red line) network associated with the binding of two molecules of 
SR-717 to the cGAMP binding site of hSTING®?%2. Residues from individual monomers of the hSTINGR2%2 
dimer are shown in stick format in yellow and purple. The a and b superscripts indicate protein monomer or 
individual ligand identity. (E) Superposition of the structure of SR-717 bound to hSTING®?*? with the structure 
of di-GMP bound to hSTING [PDB ID 4F9G (19)], shown as yellow or orange ribbon representations, 
respectively. Stick representations of SR-717 and di-GMP are shown. (F) Detailed view of the overlay and 
conserved intermolecular contacts of bound SR-717 and cGAMP ligands from the overlaid hSTING structures 
shown in (B). Side chains from the SR-717-bound hSTING®* structure are shown in yellow or purple, 

and those from the cGAMP structure are shown in blue. Stick representations of two molecules of SR-717 are 
shown in gray, and cGAMP is shown in light blue. 
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monomers are positioned to form hydrogen- 
bond interactions with both the carboxylic 
acid of one bound molecule of SR-717 and the 
amide carbonyl of the other bound SR-717 


molecule (Fig. 2D and fig. S9B). These side 
chains, at the base of the cGAMP binding site, 
form hydrogen-bonding interactions with the 
purine bases of bound cGAMP (PDB ID 4KSY). 


Consistent with the observed requisite of a 
carboxylic acid for binding (fig. S2E), the car- 
boxylic acid of each molecule of bound SR-717 
is directly positioned in the location of a 
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Fig. 3. STING-dependent pharmacodynamic and antitumor activities of 
systemic SR-717. (A) Dose escalation of SR-717 by intraperitoneal injection and 
corresponding plasma IFN-B levels in C57BL/6 mice (n = 4) 4 hours after dosing, 
after 4 days of daily dosing (n = 4). (B) Plasma concentrations of cGAS-STING 
signaling target cytokines after dosing with SR-717 (15 mg/kg intraperitoneally) 
in WT (n = 4) or Sting®”®' mice (n = 4). (€) Schematic of therapeutic 
treatment strategy of B16.F10 tumor-bearing mice used to evaluate SR-/17. 
|.P., intraperitoneal. (D) Impact of SR-717 [30 mg/kg intraperitoneally, using 
dosing regimen described in (C)] on B16.F10 tumor growth in WT (n = 8) or 
Sting®”®t mice (n = 8). (E) Kaplan-Myer survival curve of WT (n = 8) or 
Sting®'“&' B16.F10 tumor-bearing mice (n = 8) after treatment with SR-717 as 
described in (D). Mice were euthanized when tumor area exceeded 2000 mm’. 
(F) Impact of SR-717 or DMXAA positive control (both dosed at 15 mg/kg 
intraperitoneally, once per day) on metastasized B16.F10 lung nodule formation 
in C57BL/6 mice. Pulmonary nodules were quantified. 7 days after intravenous 
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tail vein administration of B16.F10 cells (n = 5 mice for vehicle, n = 5 for SR-717, 
and n = 3 for DMXAA). Each data point represents the number of nodules per set 
of lungs in each mouse. **P < 0.01; n.d., no difference. (G) Representative 
images of isolated lungs from studies described in (F). (H) Impact of SR-717 

[n = 8, 30 mg/kg intraperitoneally, using dosing regimen described in (C) 
starting on day 10]; anti-PD-1 antibody (n = 8, 200 yg on days 10, 14, and 17); 
or combination SR-717 plus anti-PD-1 treatment (n = 8) on B16F.10 tumor 
growth in WT C57BL/6 mice. (I) Kaplan-Myer survival curve of WT B16.F10 
tumor-bearing mice (n = 8) after treatments described in (H). (J) Impact of 
SR-717 [30 mg/kg intraperitoneally, using dosing regimen described in (C) 
starting on day 11] (n = 8); anti-PDL1 antibody (200 ug on days 11, 14, and 17) 
(n = 8); or combination thereof (n = 8) on B16F.10 tumor growth in WT C57BL/6 
mice. (K) Kaplan-Myer survival curve of WT B16.F10 tumor-bearing mice (n = 8) 
after treatments described in (J). Data are representative of three independent 
experiments, and values are the mean + SEM [(A), (B), and (D) to (K)]. 
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backbone phosphate of bound cGAMP (Fig. 
2F). This facilitates formation of direct 
hydrogen-bond contacts with the guanidi- 
nium side chains of R238 from both STING 
monomers (Fig. 2, D and F). These residues 
are located on opposing ends of the B strands 
from each monomer that make the intersu- 
bunit interactions within the B-sheet cap 
element (Fig. 2D). By inducing compaction 
at the base of the binding site (i-e., through 
interactions with both T263 side chains), 
mimicking intersubunit stacking interactions 
and orientating both R238 side chains to 
induce formation of the B-sheet cap element, 
SR-717 is able to serve as a direct cGAMP 
mimetic that activates STING by inducing it to 
adopt the closed conformation. SR-717 also 
forms hydrogen-bond interactions with the 
side chain of R232 from only one monomer 
(fig. S9B), exactly as is observed for bound 
cGAMP (PDB ID 4KSY). Additional stabiliz- 
ing interactions are derived from a water- 
mediated hydrogen-bond network involving 
Val??° (V239), Ser“! (S241), Asn?*? (N242), 
and Y240 (fig. S9B). The near identical con- 
formational change induced by SR-717, as 
well as its ability to directly mimic the 
binding mode of cGAMP, is highlighted by 
an overlay of the SR-717-bound hSTING co- 
crystal structure with the cGAMP-bound com- 
plex (Fig. 2, B and F). By contrast, the SR-717 
complex clearly does not correspond to the 
open conformation induced by di-GMP (Fig. 
2E; PDB ID 4F9G). Consistent with the ob- 
served impact of SR-717 on the thermal sta- 
bility of mSTING (Fig. 1D), the 2.5-A cocrystal 
structure of SR-717 bound to mSTING (resi- 
dues 154 to 340) (figs. S8B and S10A) is nearly 
identical to the induced closed-conformation 
hSTING complex (figs. SIOB and S11). SR-717 
is a stable cGAMP mimetic that activates 
STING by inducing the same closed confor- 
mation, which thereby provides an avenue to 
explore this class of systemic STING agonist 
in diverse contexts, including antitumor 
immunity. 

We used IFN-B protein concentrations in 
circulating plasma as a pharmacodynamic 
marker of STING target engagement by SR- 
717, which displayed favorable mouse phar- 
macokinetic properties (fig. S4A), as well as 
robust antitumor activity after intratumoral 
delivery in syngeneic B16.F10 melanoma or 
MC38 colorectal adenocarcinoma mouse mod- 
els (fig. S12, A and B, respectively). Dose- 
dependent induction of IFN-B was observed 
after intraperitoneal administration of SR-717 
in WT C57BL/6 mice (Fig. 3A). By contrast, 
SR-717 did not affect circulating IFN-B or 
associated proinflammatory cytokine expres- 
sion in Sting®’®' mice (Fig. 3B and fig. S16A), 
thereby demonstrating its selective on-target 
in vivo activity. Based on the known ability 
of cGAS-STING pathway activation in DCs to 


Chin et al., Science 369, 993-999 (2020) 


stimulate CD8 T cell priming (//, 12, 23), we 
elected to use the poorly immunogenic and 
highly aggressive syngeneic B16.F10 murine 
melanoma model (24) to evaluate and char- 
acterize the antitumor activities of system- 
ically delivered closed conformation-inducing 
STING agonists. A therapeutic mode of treat- 
ment was modeled by initiating treatment 
with SR-717 on day 11 when B16.F10 mela- 
noma tumors are well established (Fig. 3C). 
Notably, efficacious doses of diABZI-2 (22), 
an open conformation-inducing STING ago- 
nist that induces equivalent maximal levels 
of cell-based activity when compared with 
SR-717 (fig. S13, A to C), were found to in- 
duce ~20 ng/ml of IFN-B (fig. S13D). By con- 
trast, systemic dosing regimens of the closed 
conformation-inducing STING agonist SR-717 
that resulted in the induction of >0.2 ng/ml 
of circulating IFN-B (Fig. 3A and fig. S13D) 
were found to be well tolerated and effica- 
cious. Specifically, a 30 mg/kg intraperitoneal 
once-per-day regimen of SR-717 for 1 week 
(Fig. 3C) was found to maximally inhibit 
tumor growth (Fig. 3D), as well as lengthen 
survival time in tumor-bearing mice (Fig. 3E). 
The antitumor efficacy of SR-717 displayed 
an obligatory dependence on STING expres- 
sion, based on the observed lack of activity 
in Sting®”®' host mice (Fig. 3, D and E). 

To establish if efficacy was restricted to 
subcutaneous tumors, as well as to determine 
utility in the context of metastasis, we treated 
C57BL/6 mice that had been injected intra- 
venously with B16.F10 cells, which are reported 
to home to and colonize lung tissue (25). SR-717 
was observed to significantly inhibit the 
formation of pulmonary nodules in this model 
of metastasis (Fig. 3, F and G), consistent 
with the ability of a systemic STING agonist 
to control metastasis and B16.F10 tumori- 
genesis in a manner that is independent of 
tissue type. We investigated the efficacy of 
this compound series in the context of oral 
delivery, using the active STING agonist ana- 
log SR-301 (fig. $14, A and B; ECs = 0.6 uM), 
which has appreciable bioavailability (%F = 
32.2) and suitable rodent exposure proper- 
ties (fig. S4B). 

Encouragingly, 15 mg/kg oral once-per-day 
dosing with SR-301 for 18 days was found to 
maximally reduce tumor burden in the B16. 
F10 model (fig. S14, C to E). Based on the more 
favorable physicochemical properties, as well 
as enhanced uniformity with respect to dos- 
age to pharmacodynamic relationships, intra- 
peritoneal administration of SR-717 was used 
to further characterize antitumor immunity. 
Using the B16.F10 model, we compared the 
antitumor activity of SR-717 to that observed 
for anti-programmed cell death 1 (anti-PD-1) 
or anti-programmed cell death 1 ligand 1 
(anti-PD-L1) antibody therapy. Under the 
constraints and limitations of this model, 
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maximal achievable efficacy was observed 
with a single-agent therapy consisting of 
SR-717 STING agonist. Specifically, SR-717 dis- 
played a better level of efficacy to that achieved 
by anti-PD-1 or anti-PD-L1 antibody therapy 
in this model, with respect to tumor burden 
(Fig. 3, H and J, respectively) or overall 
survival (Fig. 3, I and K, respectively). The 
observed activity profiles of PD-1-based check- 
point blockade in this poorly immunogenic 
model is consistent with previous reports 
(24, 26). 

We investigated the impact of effective sys- 
temic exposure levels of SR-717 on immune 
cell activation and immunological mechanisms, 
in the context of tumor-bearing mice. Consist- 
ent with previous reports associated with in- 
tratumoral injection of 2’3’-cGAMP (13, 27), 
systemic delivery of SR-717 increased the fre- 
quency of activated CD69*CD8 T cells among 
isolated tumor infiltrating lymphocytes (TILs) 
and within isolated spleens and inguinal 
lymph nodes (Fig. 4A). A similar increase was 
observed in the frequency of activated CD69* 
natural killer (NK) cells within isolated spleens 
and inguinal lymph nodes (Fig. 4B), con- 
sistent with previous findings describing the 
ability of the STING pathway to activate this 
cell type (28). Within the CD45.2* popula- 
tion, SR-717 treatment resulted in a signifi- 
cant increase in the frequency of CD8 T cells 
among TILs and a decrease in the frequen- 
cies of NK cells within the draining lymph 
node (dLN) and spleen (fig. S16B). Because 
of the potential for STING agonism to in- 
duce pathological consequences, we next 
assessed the infiltration of CD8 T cells into 
peripheral tissues. We observed no signif- 
icant differences in lymphocyte or CD8 T 
cell infiltration into the lung after SR-717 
treatment (30 mg/kg intraperitoneally for 
7 days) (fig. S15, A and D), although a small 
but statistically significant increase in fre- 
quencies of CD44*PD-1* T cells was observed 
(fig. S15A). In the liver, a small but statistically 
significant increase in CD8 T cell infiltration 
was observed (fig. S15, B and D). Measure- 
ment of liver enzymes revealed a transient up- 
regulation of alanine aminotransferase (ALT) 
levels on day 4 after treatment, which returned 
to vehicle levels by day 7 after treatment, and 
no impact on aspartate transaminase (AST) lev- 
els was observed (fig. S15C). Further assess- 
ment of T cell function revealed that SR-717 
treatment significantly increased the fre- 
quency of granzyme B and CD107a* CD8 T 
cells in both spleen and tumor (Fig. 4, C and 
E). Although we did not observe increases in 
granzyme B* NK cells in spleen or tumor (Fig. 
4D), we did detect increases in CD107a ex- 
pression in NK cells in both tissues (Fig. 4F), 
suggesting that at the time of analysis, NK 
cells had already degranulated in SR-717- 
treated animals. Analysis of cytokine-producing 
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Fig. 4. Impact of systemic SR-717 adm 
in mice. (A) Impact of systemic SR-717 d 
in Fig. 3C) on surface CD69 expression, assessed by flow cytometry, on 
CD8 T cells isolated from tumors (TILs), spleens, or dLN of B16.F10 tumor- 
bearing mice (n = 4). (B) Impact of systemic SR-717 delivery (administered as 
described in Fig. 3C) on surface CD69 expression, assessed by flow 
cytometry, on NK cells isolated from tumors (TILs), spleens, or dLN of B16. 
F10 tumor-bearing mice (n = 4). (C) Impact of systemic SR-717 delivery 
(administered as described in Fig. 3C) on granzyme B expression, assessed 
by flow cytometry, on restimulated intratumoral and splenic CD8 T cells 

(n = 5). (D) Impact of systemic SR-717 delivery (administered as described 
in Fig. 3C) on granzyme B expression, assessed by flow cytometry, on 
restimulated intratumoral and splenic NK cells (n = 5). (E) Impact of 
systemic SR-717 (administered as described in Fig. 3C) on surface CD107a 
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NK cells revealed significantly reduced IFN-y* 
NK cells in TILs (fig. SI6C), with a modest but 
significant increase of IFN-y* NK cells in 
spleen (fig. SI6C). Moreover, SR-717 treatment 
had no significant effect on the frequency 
of polyfunctional CD8 T cell responses (fig. 
S16D). We also observed increases in the fre- 
quencies of CD8 T cells undergoing apopto- 
sis within the dLN (fig. SI6E), the magnitude 
of which being consistent with those previ- 
ously reported for efficacious doses of cGAMP 
after intratumoral injection (14). The anti- 
tumor activity derived from STING activation 
is dependent on CD11c*CD8o0, DCs (12) and 
involves tumor antigen cross-presentation lead- 
ing to the activation of CD8 T cells within the 
draining lymph node, as well as the activation 
of type I interferon signaling (1/7, 23). Sys- 
temic SR-717 administration induces the ac- 
tivation of CDllc*CD8qa DCs, as determined 
by CD80 and CD86 staining intensity (Fig. 
4G), and enhances cross-priming of CD8 T cells, 
as determined by monitoring the in vivo 
proliferation of transferred Thyl.1* OT-I CD8 
T cells isolated from mice pretreated with 
SR-717 and subsequently injected with oval- 
bumin protein (fig. S16, F and G). At this 
stage of treatment, OT-I CD8 T cell activation 
state was determined to be significantly en- 
hanced by treatment with SR-717, as deter- 
mined based on the evaluation of CD44*PD-1* 
and granzyme B* CDs T cell populations, as 
well as polyfunctional CD8 T cell responses 
(fig. S16, H to J). 

Finally, we examined the impact of SR-717 
on the expression of critical targets associated 
with antitumor immunity. STING pathway 
activation can induce mechanisms known to 
regulate immune checkpoint protein expres- 
sion. STING activation, and the subsequent 
induction of type I interferon, can induce 
STAT3 phosphorylation (29), a key regulator 
of interferon-dependent PD-L1 expression 
(30, 31). SR-717 was found to induce the ex- 
pression of PD-L1 in THP1 cells (Fig. 4H and 
fig. S17A) and in primary human PBMCs (fig. 
S17B) in a STING-dependent manner (Fig. 4H). 
Consistent with previous findings describing 
the impact of cGAMP on STING protein lev- 
els (32), and indicative of negative feedback 
mechanisms associated with pathway activa- 
tion, total STING protein levels were observed 
to decrease after treatment with SR-717 (Fig. 
4H). In vivo, we observed that intraperitoneal 
injection of SR-717 resulted in increased cell- 
surface levels of PD-L1 on CD11lc*CD8™ DCs 
but not on CDs" DCs isolated from the inguinal 
lymph nodes of B16.F10 tumor bearing mice 
(Fig. 41), even though SR-717 clearly activates 
CD8* DCs, which suggests cell type-selective 
differences in downstream STING-dependent 
signaling. Indoleamine 2,3-dioxygenase 1 (IDOI) 
in vivo expression has been demonstrated to 
be induced in a STING-dependent manner 


Chin et al., Science 369, 993-999 (2020) 


(33). SR-717 STING agonist was found to in- 
duce IDO1 expression in primary human 
PBMCs (fig. S17C). Taken together, our results 
demonstrate that although STING activation 
with SR-717 induces the expected stimulatory 
events, a corresponding induction of molecules 
known to suppress immune responses was also 
elicited, albeit in a cell type-selective manner. 
These observations have important implications 
for the selection of agents and the temporal 
design of combination-based clinical trials in- 
volving a systemically delivered STING agonist. 

To address the limitations of intratumoral 
delivery, we have identified the SR-717 chemi- 
cal series of functional cGAMP mimetic STING 
agonists, which, after systemic administra- 
tion, were demonstrated to promote anti- 
tumor immunity and activate CD8* T cells 
within tumors and the dLN, as well as ac- 
tivate NK cells within the dLN. The systemic 
administration of SR-717 reduced tumor bur- 
den in the B16.F10 melanoma model with 
a level of efficacy that was observed to be 
superior than what is observed for anti- 
PD-1 or anti-PD-L1 therapy in this particular 
poorly immunogenic model. Importantly, sys- 
temic administration of SR-717 produced 
substantial efficacy despite inducing mod- 
est levels of IFN-f, suggesting that the 
threshold for efficacy in tumor models may 
be far lower than previously reported and 
can be achieved without considerable tox- 
icity. It is also of potential critical impor- 
tance that STING activation by SR-717 was 
found to induce the expression of PD-Llina 
STING-dependent fashion. These results have 
important implications for the choice of 
agent to be combined with a STING agonist, 
as well as the relative timing of a dosing reg- 
imen, in the context of cancer treatment. Pre- 
sumably, it would be unproductive to treat 
with an agent that increases the relative 
abundance of the target of the second agent. 
The ability of SR-717 to induce the cGAMP- 
induced closed STING conformation, in con- 
trast to open conformation-inducing ligands, 
enables exploration of the relative impor- 
tance of different potential scaffolding func- 
tions in vivo and in the context of systemic 
distribution in settings of antitumor immu- 
nity and beyond. Differential pathway acti- 
vation associated with the recognition of 
bacterial-derived CDNs [e.g., di-GMP derived 
from commensal bacteria (34)] as compared 
with endogenously produced cGAMP, derived 
from cytosolic DNA as a result of diverse 
pathological events (e.g., genomic instabil- 
ity), is readily conceivable and most likely 
probable. Each class of agonist may provide 
differential therapeutic benefits depending 
on the setting. 
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GLOBAL CARBON CYCLE 


Abrupt CO, release to the atmosphere under glacial 
and early interglacial climate conditions 


C. Nehrbass-Ahles'***, J. Shin’, J. Schmitt", B. Bereiter’°, F. Joos?”, A. Schilt?, L. Schmidely*?, 
L. Silvat’, G. Teste’, R. Grilli*, J. Chappellaz*, D. Hodell®, H. Fischer*?, T. F. Stocker? 


Pulse-like carbon dioxide release to the atmosphere on centennial time scales has only been identified 
for the most recent glacial and deglacial periods and is thought to be absent during warmer climate 
conditions. Here, we present a high-resolution carbon dioxide record from 330,000 to 450,000 years 
before present, revealing pronounced carbon dioxide jumps (CDJ) under cold and warm climate 
conditions. CDJ come in two varieties that we attribute to invigoration or weakening of the Atlantic 
meridional overturning circulation (AMOC) and associated northward and southward shifts of the 
intertropical convergence zone, respectively. We find that CDJ are pervasive features of the carbon cycle 
that can occur during interglacial climate conditions if land ice masses are sufficiently extended to be 


able to disturb the AMOC by freshwater input. 


nalyses of Antarctic ice cores have dem- 
onstrated that atmospheric CO, has 
been a major driver of Earth’s climate 
on orbital to millennial time scales (J-3). 
However, evidence of submillennial-scale 
CO, variability is only available for the past 
~60 thousand years (ka), that is, not beyond 
the last glacial period (4-6). Climate-carbon 
cycle perturbations during previous inter- 
glacial periods serve as first-order templates 
for the natural response of Earth’s climate 
system to warmer climatic background con- 
ditions (7), but the use of CO, records to de- 
cipher submillennial-scale variations has thus 
far been hampered by insufficient temporal 
resolution of existing ice core records. 

Previous research identified two principal 
modes of CO, variability on millennial to cen- 
tennial time scales: (i) millennial-scale carbon 
dioxide maxima (CDM) frequently occurring 
during the last glacial period (4, 5, 8) and (ii) 
centennial-scale carbon dioxide jumps (CDJ) 
caused by pulse-like CO, releases to the at- 
mosphere, most prominently occurring during 
the last deglaciation (6, 9). 

CDM are characterized by a triangular shape 
of evolving CO, changes. They closely covary 
with Antarctic temperature proxy records 
on millennial time scales, as evidenced by 
the Antarctic isotope maxima (4, 8, 10). Dur- 
ing cold periods (stadials) in the Northern 
Hemisphere (NH), CO, is observed to increase 
gradually and in parallel to the bipolar see- 
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saw response in Antarctic temperature (17) 
at typical rates of ~1 part per million (ppm) 
per century (4, 8). CDM reach amplitudes of 
up to 30 ppm before their trends are re- 
versed in connection with a sudden strength- 
ening of the Atlantic meridional overturning 
circulation (AMOC) linking the onset of 
Dansgaard-Oeschger (DO) events (i.e., abrupt 
warming over Greenland) and the start of 
slow cooling in the Southern Ocean (SO) re- 
gion (4, 8, 11). 

In contrast, abrupt CDJ do not directly cor- 
respond to variations in Antarctic tempera- 
ture but are associated with either DO events 
or Heinrich stadials (HS) in the NH (6, 12, 13). 
The latter are characterized by extended cold 
periods in the NH associated with a weakened 
AMOC (14-16). The few CDJ identified so far 
are superimposed on gradually increasing mil- 
lennial CO, trends connected to CDM or gla- 
cial terminations and lead to a sudden 10 to 
15 ppm CO, rise within less than ~250 years at 
rates of ~10 ppm per century, about 10 times 
faster than CDM. As of yet, CDJ have only been 
identified during the most recent deglaciation 
(Termination I) (6, 9) and for HS 4 (72, 13), 
occurring at 39.5 ka BP (thousand years before 
present, with the present defined as 1950 CE). 
CDJ are synchronous with either major meth- 
ane (CH,) rises linked to DO events or small 
CH, peaks associated with HS, suggesting a 
link with sudden AMOC changes and pole- 
ward shifts of the intertropical convergence 
zone (ITCZ) (6, 17, 18). Here, we address whether 
CDJ also occur during glacial growth phases 
and interglacial climate conditions and there- 
fore whether they are a pervasive feature of 
the past carbon cycle. 

Centennial- to millennial-scale CO, varia- 
bility between ~150 and 400 ka BP could not 
be explored because of insufficient measure- 
ment precision and low temporal resolution 
of the existing CO, record for this period (J). 
Here, we investigate the older part of this in- 
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terval by presenting a high-resolution record 
of CO, mole fractions covering a full glacial- 
interglacial cycle from 330 to 450 ka BP [i.e., 
marine isotope stage (MIS) 9e to MIS 12a 
(19)], measured on samples from the European 
Project for Ice Coring in Antarctica (EPICA) 
Dome C (EDC) ice core using an improved dry- 
extraction technique (20). In comparison to 
earlier data (J, 2), we enhance the precision by 
a factor of three (now ~1 ppm) and increase 
temporal resolution between four- and sixfold 
(now ~300 years on average). 

Additionally, we improve the resolution of the 
existing EDC CH, record (27) to an average of 
~250 years at periods of abrupt changes (20). 
This improvement permits a direct comparison 
of the CH, imprint of fast climate changes in 
the NH with the Southern Hemisphere bipolar 
seesaw response in Antarctic temperature and 
atmospheric CO, (4, 8). We combine our ice 
core data with new records of benthic 8C 
and 8180 of Cibicidoides wuellerstorfi (22) and 
planktic 8'°0 of Globigerina bulloides (23). 
These stable isotope data are measured on 
marine sediment core samples from the Inter- 
national Ocean Discovery Program (IODP) site 
U1385 located on the Iberian margin off the 
coast of Portugal at a water depth of ~2600 m 
below sea level (20). A temporal resolution of 
~150 years on average enables us to directly 
compare our ice core data with this indepen- 
dent paleoclimatic archive of hydrological 
change in the North Atlantic (NA). 

On orbital time scales, our CO, record re- 
veals generally high CO, levels persisting 
above 260 ppm (24) over ~35 ka during the 
exceptionally long interglacial period MIS 
llc to lle, from 427 to 393 ka BP (Fig. 1B), 
extending over more than one precessional 
cycle (25). The minimum CO, value of 187.6 + 
1.0 ppm is reached at 358 ka BP, coinciding 
with the lowest sea surface temperature (SST) 
(Fig. 2, D, G, and H) (26). However, the onset 
of the deglacial CO, rise toward MIS 9e (Ter- 
mination IV) only takes place ~13.5 ka later, 
at 344.5 ka BP. The end of this deglacial CO. 
increase (~335 ka BP) is marked by a peak 
CO» value of 300.4 + 1.0 ppm, representing 
the highest natural CO, mole fraction de- 
rived from Antarctic ice cores over the past 
800 ka. We identify, superimposed on this or- 
bital trend, different types of millennial- to 
centennial-scale CO, variability, occurring 
most frequently during, but not limited to, 
the glacial growth phase. 

On millennial time scales, the CO, record mir- 
rors the variability in the EDC temperature 
proxy (Figs. 1A and 2A) (0) and dust flux 
records (Fig. 2B) (27), a feature previously ob- 
served over the past 800 ka in lower-resolution 
CO, data (2, 3). Our new benthic 8'%O record 
from IODP site U1385 follows the same pattern 
(Fig. 2C), indicating the influence of southern- 
sourced deep water, as first noted for the last 
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Fig. 1. High-resolution CO2 and improved CH, records compared with Antarctic 
temperature during MIS 9e to 12a. (A) Antarctic temperature anomalies (10). 

(B) COz record (this study). (©) CH, compilation (this study) (20). (D) Rate of 
change of COz in the ice core record derived from a smoothed version of (B) (20). 
(E) Rate of change of CH, in the ice core record derived from a smoothed version of 
(C) (20). All data are based on measurements of EDC ice core samples and are 
plotted on the Antarctic Ice Core Chronology 2012 (AICC2012) age scale (34). 


glacial period (MIS 3) (28). Our results dem- 
onstrate that this correlation also applies to 
MIS 10a to Ila, thereby emphasizing the key 
role of SO processes in the bipolar seesaw 
(4, 11) and associated global-scale climate re- 
gime shifts in shaping atmospheric CO, on 
millennial time scales. We identify a total of 
seven CDM events (Fig. 1B). The two youngest 
events (CDM Qe and 10b) were reported 
previously (J), but the oldest five (CDM 11a.1, 
Tla.2, 11a.3, 11a.4, and Ile) were not. Further- 
more, our record shows that the covariation of 
CO, and the Antarctic temperature proxy (10) 
also holds for the extended interglacial pe- 
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riod MIS 1c (Fig. 1, A and B), where both Ant- 
arctic temperatures and CO, gradually increase 
along with the summer insolation at 65°N 
(25). The time at which CO, and Antarctic tem- 
perature cease to covary in our record is at 
the end of MIS 11c, when Antarctic tempera- 
ture leads the CO, decrease by several thou- 
sand years, similar to what is observed for 
the glacial inception after the penultimate 
interglacial (29). 

On the centennial time scale, we detect 
eight CDJ occurring under very different cli- 
mate boundary conditions (Fig. 1B). They are 
marked by centennial-scale peaks in the rate 


21 August 2020 


Identified CDM and CDJ are labeled according to the MIS assignment in (19). Distinct 
CDJ in the COz record are indicated with blue vertical lines, positioned at the peaks 
in (D) exceeding a threshold value of 1.5 ppm per century (20). CDJ+ (solid blue 
lines) coincide with major CH, rises greater than 50 ppb at growth rates greater than 
20 ppb per century (E), whereas CDJ- (dashed blue lines) do not. Further potential 
events with positive rates below 1.5 ppm per century (D) are indicated with 

gray vertical lines but not labeled. T IV, Termination IV; T V, Termination V. 


of change of CO, exceeding a threshold of 
1.5 ppm per century in the ice core record (Fig. 
1D) (20). The close correlation of millennial- 
scale CO, variability with Antarctic temper- 
ature (Fig. 1A) does not hold for CDJ (Fig. 3A 
and fig. S1A). While all CDJ lead to an ab- 
rupt rise in CO, of ~10 ppm (table S1), their 
underlying causes may differ (13, 30). We dis- 
tinguish two varieties of CDJ on the basis of 
the presence or absence of a major simulta- 
neous CH, rise at the same depth level of the 
ice core (20). 

The first variety of CDJ is synchronous with 
rapid rises in the CH, record greater than 
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Fig. 2. Comparison of 
high-resolution CO, and 
improved CH, records 
with marine sediment and 
speleothem data covering 
MIS Qe to 12a. (A) EDC 
temperature anomalies (10). 
(B) EDC dust flux (27), 
including an ~500-year 
running median. (C) Benthic 
30 C. wuellerstorfi from 
IODP site U1385 on the 
Iberian margin (this study), 
including an ~500-year 
running median. %o, per mil. 
(D) EDC COz record (this 
study). (E) EDC CH, compi- 
lation (this study) (20). 

(F) Relative proportion of 
the polar planktic foraminif- 
era Neogloboquadrina 
pachyderma (NPS) from 
ODP site 983 (38). 

(G) U“'37-based SST from 
IODP site U1385 (26). 

(H) Planktic 8/80 G. bulloides 
from IODP site U1385 

(this study). (I) Benthic 8c 
C. wuellerstorfi from |ODP 
site U1385 (this study). 

(J) 880 Sanbao Cave record 
in Hubei, China (35). 

(K) Global sea level stack 
(probability maximum) 
including 95% probability 
intervals (37). All records 
are given on the AICC2012 
age scale (34) or are trans- 
ferred to AICC2012 (20), with 
the exception of (J) and 

(K). Arrows in (F) and (J) 
highlight potential age-scale 
inconsistencies. Labeling 

and vertical line styles are 
identical to those in Fig. 1. 
Vertical blue bands indicate 
HS 10.1 and HS 10.2 (see 
text for details). 
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50 parts per billion (ppb) (Figs. 1C and 3C) 
and growth rates exceeding 20 ppb per cen- 
tury, as recorded in the EDC ice core (Figs. 1E 
and 3E). We dub these pulse-like CO, release 
events CDJ+. Using this definition, we identify 
five CDJ+ (Ye, Ia.2, 1a.3, 11a.4, and Tle) (Fig. 
1B). The major CH, rises associated with CDJ+ 
indicate abrupt DO-like warming in the NH 
directly linked to AMOC invigorations (6, 17). 
Direct evidence for such AMOC strengthening 
comes from associated abrupt rises in SST in 
the NH (Fig. 2, F to H) and increases of benthic 
5°C values (Fig. 21), indicative of the inflow of 
NA deep-water masses at IODP site U1385. 
These findings are consistent with the two 
previously identified CDJ+ events during the 
last deglaciation, at the onsets of the Bolling- 
Allergd and Preboral periods (6, 9). 

The most pronounced CDJ+ (CDJ+ 9e) takes 
place during early interglacial conditions, when 
CO, values are already above 285 ppm, a level 
that is higher than typical peak-CO. mole 
fractions during interglacial conditions over 
the past 800 ka (3). The time resolution for 
CDJ+ 9e is better than 90 years and shows 
an exceptionally fast CO, increase of ~10 ppm 
per century, as measured on the two neigh- 
boring ice samples (Fig. 3B). Accounting for 
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the smoothing of atmospheric signals by the 
bubble enclosure process, we estimate an orig- 
inal rate of atmospheric CO, increase of 26.2 + 
17.6 ppm per century (Fig. 3B and table S1) 
(20), which provides a benchmark for the pos- 
sible range and speed of positive carbon cycle 
feedbacks connected to AMOC variations during 
the deglaciation. This rate exceeds previous es- 
timates of maximum preindustrial atmospheric 
increase rates (37) by a factor of seven but is still 
a factor of nine lower than recent anthropo- 
genic growth rates over the past decade (32). 
The CO, decrease after CDJ+ 9e shows that 
natural processes during interglacial condi- 
tions allowed for a sustained CO, removal 
from the atmosphere estimated at ~2 ppm per 
century for ~2 ka (Figs. 1B and 3B). 

The second variety of CDJ occurs inde- 
pendently from major responses in the EDC 
CH, record (Fig. 1, C and E) (see supple- 
mentary text section of the supplementary 
materials) and is dubbed CDJ-. We identify 
two CDJ- (10a and 11la.2), which share sim- 
ilar characteristics with the two CDJ- events 
associated with HS 1 during the last degla- 
ciation (~16 ka BP) and HS 4 (6, 12, 13). We 
speculate that CDJ- can be attributed to car- 
bon cycle processes caused by AMOC weak- 
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ening. Although direct AMOC records do not 
yet exist for MIS 9e to 12a, abrupt decreases 
of benthic 8”C indicate intrusions of Ant- 
arctic bottom water masses at IODP site 
U1385 (Fig. 21) likely due to AMOC weakening, 
similar to what occurred during HS in the 
last glacial period (/4, 15). Note that major HS 
(HS 10.1 and 10.2) are identified in Fig. 2 by 
the drop in alkenone saturation index (U“37)- 
based SST (Fig. 2G) and the decrease in ben- 
thic 8C (Fig. 21) indicative of a reduced state 
of the AMOC. Whereas CDJ-— 10a is likely re- 
lated to carbon cycle responses to an AMOC 
slowdown caused by massive ice discharge 
during HS 10.1 (Fig. 21), there exists only 
ambiguous evidence for CDJ- lla.2 being 
associated with freshwater forcing. Low CH4, 
levels (Fig. 2E) and cold SST in the NA (Fig. 
2F) indicate stadial conditions in the NH as- 
sociated with CDJ- 11a.2. Given the relative 
age uncertainties between our ice core and 
independently dated records (33, 34), the &°O 
calcite record from Sanbao Cave (Fig. 2J) (35) 
indicates a major shift of the ITCZ that may be 
associated with CDJ- 1la.2 (78, 36). 

Most notably, the new CO, record reveals 
the clearly distinguishable CDJ llc (12.9 + 
2.7 ppm increase within 191 + 123 years) (Fig. 
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Fig. 3. Detailed view of the two varieties of CDJ. (A to E) Identical to Fig. 1. 
The black linear segments in (B) indicate first-order approximations of the 
atmospheric COz evolution. The blue segment highlights the actual CDJ event. 
These approximations for the atmospheric trajectories are optimized so that the 
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COs curve after smoothing by the bubble enclosure process (gray lines) fits the 
ice core data (red dots) best. The firn smoothing is realized by applying 
improved gas enclosure characteristics for the EDC ice core (20). See table S1 
for details. All remaining CDJ are shown in fig. S1. 
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3B and table S1) at 415 ka BP, occurring ~10 ka 
into interglacial temperature conditions at 
Dome C, but still at a time of considerable sea 
level rise (Fig. 2K) (37). A hiatus in the sec- 
tion older than 407 ka BP at IODP site U1385 
obscures potential signals related to this event 
(20). A distinct peak found in a proxy for SST 
conditions at 412 ka BP (Fig. 2F) (38) is in- 
dicative of hydrographic disturbance in the 
NA. A possible perturbation of the AMOC at 
the same time (39) may be connected to this 
event, both of which may be attributed to a 
major freshwater forcing at the time of near- 
deglaciation of the southern Greenland Ice 
Sheet in the early part of MIS 11c (40). An- 
other recent study suggests a major ice sheet 
discharge event into the SO that might also 
coincide with this CDJ at 415 ka BP (42), but 
dating uncertainties do not permit an un- 
ambiguous attribution. While there is limited 
evidence supporting an AMOC perturbation 
around 415 ka BP, it remains unclear whether 
CDJ lic is associated with an AMOC weaken- 
ing or strengthening. Given the lack of a major 
CH, rise in our record (Fig. 3, C and E), we 
classify this event as CDJ— (CDJ- I1c); how- 
ever, it could mechanistically also be CDJ+, 
with an atypical CH, response caused by al- 
ready warm climate conditions in the NH. 

Invigorations of the AMOC during DO events 
lead to abrupt increases in cross-equatorial heat 
transport to the NH (15, 42), which may be a 
necessary (yet insufficient) condition for the 
occurrence of CDJ+ events (6, 43). As a direct 
consequence of this energy imbalance, the 
ITCZ shifts northward and promotes a pole- 
ward shift and intensification of westerlies 
in the NH (/8, 42). Driven by this shift in the 
ITCZ, new tropical wetlands are formed in 
the NH, which leads to an extended increase 
in CH, production (J7, 18). 

Conversely, we presume that CDJ- are asso- 
ciated with a weakening of the AMOC, causing 
a southward shift of the ITCZ, which promotes 
the formation of wetlands in the SH. The latter 
results in an initial overshoot in the CH, pro- 
duction that coincides with CDJ- during HS 1 
and HS 4 (8). These small, short-lived CH, 
peaks of amplitudes smaller than ~50 ppb are 
distinct from major CH, rises associated with 
CDJ+; however, both CH, responses proceed 
at comparable growth rates. The absence of 
any short-lived CH, peaks related to CDJ- in 
our record (Fig. 3C and fig. SIC), similar to 
those found for HS 1 and HS 4 (78), can be 
explained by a combination of relatively low 
sample resolution and the bubble enclosure 
process that smooths the EDC gas record. 
The latter results in the obliteration of any 
potential CH, peaks smaller than ~50 ppb 
lasting for less than 200 years (see supplemen- 
tary text). Accordingly, we use the absence of 
a major CH, rise as a criterion to distinguish 
CDJ- from CDJ+. Whereas the climate condi- 
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tions for CDJ+ are characteristic for DO events 
in the NH, CDJ-— appear to be connected with 
major freshwater forcing and stadial condi- 
tions in the NH (6, 13, 18). 

The strong correspondence of the CO, record 
with Antarctic temperature and benthic 8°O 
at the Iberian margin on the millennial time 
scale (Fig. 2, A, C, and D) suggests a causal link 
of CDM formation with SO processes (8). Pro- 
posed CDM-generating mechanisms include 
perturbations in the carbon cycle owing to 
changes in deep SO ventilation related to 
changes in stratification, buoyancy forcing, 
and Southern Hemisphere westerlies (44, 45); 
variations of the southern sea ice edge (46); 
and efficiency of the biological pump caused 
by either changes in the magnitude of dust- 
induced iron fertilization (44) or mode changes 
in the AMOC (47). 

In contrast, the underlying CO, release mech- 
anisms for the CDJ are poorly understood. 
Suggested marine mechanisms include out- 
gassing due to increasing SST (30), rapid ven- 
tilation of accumulated respired carbon from 
intermediate-depth Atlantic (43, 48), or SO 
deep-water masses (49, 50). Despite the co- 
herence of CDJ with AMOC changes and as- 
sociated deep-water reorganizations in the NA 
(Fig. 21) (6, 43), the carbon source for CDJ may 
not necessarily originate from the ocean. Pro- 
posed terrestrial sources include permafrost 
thawing in the NH (57), drought-induced bio- 
mass decomposition (6, 30), and changes in 
precipitation and vegetation distribution con- 
nected to ITCZ shifts (18, 36). To explain a 10-ppm 
CDJ in the atmosphere caused by carbon re- 
lease from the land biosphere, ~80 Pg of carbon 
are needed (52). For most of these processes, a 
shift of the position of the ITCZ and resulting 
changes in the mid- to high-latitude westerly 
winds (53) are necessary to couple the cross- 
equatorial heat transport in the NA to the 
global carbon cycle (11, 42). 

Our CO, record from the EDC ice core pro- 
vides evidence for centennial-scale CDJ during 
glacial, deglacial, and early interglacial con- 
ditions. The CDJ identified here suggest fast, 
pulse-like COs releases to the atmosphere during 
MIS 9e to 12a that are likely related to abrupt 
changes in AMOC (Fig. 21) and shifts in the 
position of the ITCZ (Fig. 2E). Our data imply 
that CDJ are a pervasive feature of the natural 
carbon cycle that may go undetected in CO, 
records of insufficient temporal resolution and 
precision. We stress that such CDJ also occur 
during interglacial temperature conditions, 
as long as freshwater discharge from remnant 
ice sheets persists and is able to disturb ocean 
circulation. Anthropogenic warming and the 
committed ice sheet melting and associated 
sea level rise over the coming millennia (54) 
constitute new drivers that might trigger ocean 
circulation changes, and hence, pulse-like CO, 
releases such as those detected in our record 
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during an earlier interglacial period when 
AMOC was perturbed. 
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Architecture and function of human uromodulin 
filaments in urinary tract infections 


Gregor L. Weiss’, Jessica J. Stanisich’*, Maximilian M. Sauer’*+, Chia-Wei Lin?+, Jonathan Eras’, 
Dawid S. Zyla’, Johannes Triick*, Olivier Devuyst*>, Markus Aebi’, 


Martin Pilhofer’§, Rudi Glockshuber? 


Uromodulin is the most abundant protein in human urine, and it forms filaments that antagonize 
the adhesion of uropathogens; however, the filament structure and mechanism of protection 
remain poorly understood. We used cryo-electron tomography to show that the uromodulin 
filament consists of a zigzag-shaped backbone with laterally protruding arms. N-glycosylation 
mapping and biophysical assays revealed that uromodulin acts as a multivalent ligand for the 
bacterial type 1 pilus adhesin, presenting specific epitopes on the regularly spaced arms. 
Imaging of uromodulin-uropathogen interactions in vitro and in patient urine showed that 
uromodulin filaments associate with uropathogens and mediate bacterial aggregation, which 
likely prevents adhesion and allows clearance by micturition. These results provide a framework 
for understanding uromodulin in urinary tract infections and in its more enigmatic roles in 


physiology and disease. 


he glycoprotein uromodulin (UMOD) is 

secreted in the kidney and is the most 

abundant urinary protein (7). A UMOD 

promoter variant present in ~80% of 

the human population drives a twofold 
increase in urinary UMOD concentration (2), 
which results in reduced susceptibility to 
bacterial urinary tract infections (UTIs) (3). 
Uropathogenic Escherichia coli (UPEC) utilize 
adhesive type 1 pili to attach to high-mannose- 
type N-glycans displayed on the uroepithelial 
surface (4). It has been suggested that UMOD 
acts as a soluble adhesion antagonist for UPEC 
(5-ID). 

Mature UMOD consists of three epidermal 
growth factor (EGF)-like domains (EGF I to 
IID, a cysteine-rich domain (D8C), a fourth 
EGF domain (EGF IV), and the bipartite 
zona pellucida (ZP) module (subdomains 
ZP-N and ZP-C) (Fig. 1A) (2). Produced as a 
glycosylphosphatidylinositol-anchored precursor, 
UMOD is then cleaved by the protease hepsin 
and assembles into homopolymeric filaments 
with an average length of ~2.5 um (72, 13). De- 
spite its multiple roles in human health and 
disease (J), the molecular architecture and 
interactions of UMOD in urine are poorly 
understood. 
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We first developed a protocol to purify sta- 
ble UMOD filaments from urine (table $1 and 
fig. SIA). Mass spectrometry (MS) of disso- 
ciated UMOD monomers from different donors 
revealed highly similar, broad mass-distribution 
profiles (fig. S1, B to D), which showed that 
UMOD glycosylation was gender- and genotype- 
independent. Next, we established a site-specific 
N-glycosylation map of UMOD using liquid 
chromatography with tandem mass spectrom- 
etry (LC-MS/MS) of tryptic glycopeptides (Fig. 
1A, figs. S2 to S6, and tables S2 and S3). We 
identified individual N-glycans attached to 
asparagine (Asn) residues 38, 76, 80, 232, 275, 
322, 396, and 513 (figs. S2 to S6 and tables S2 
and S83). High-mannose N-glycans were found 
at Asn?” and Asn*"’, whereas other N-glycans 
were confirmed to be di-, tri-, or tetra-antennary 
complex types. Because UPEC adhere to uroepi- 
thelial cells by means of type 1 pili that spe- 
c>ifically recognize high-mannose N-glycans 
(4, 14), both glycans at Asn?” and Asn°!” were 
candidates for mediating UMOD’s antiadhesive 
activity. 

To contextualize the glycan arrangement 
within UMOD polymers, we imaged UMOD 
filaments using cryo-electron tomography 
(cryo-ET) (15) (Fig. 1B and movie S1). One 
orientation (Fig. 1C) was consistent with the 
previously observed zigzag shape (12, 13, 16, 17), 
though filaments showed different degrees of 
curvature and irregular rotations around the 
long axis. A second, prominent orientation had 
a fishbone-like appearance, with a central core 
filament and regularly protruding arms (Fig. 
1D). We calculated a structure by subtomo- 
gram averaging, which resolved repeating- 
filament subunits arranged in a helix with 
a 180° twist and 6.5-nm rise. The filament 
core consisted of 8.5-nm-long modules zig- 
zagging at 95° angles. The 12.5-nm-long arm 
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segments were flexible and protruded at 45° 
angles (Fig. 1E, fig. S7, and movie S1). 

To assign UMOD protein domains to den- 
sities in the subtomogram average, we studied 
an elastase-digested form of UMOD (eUMOD), 
wherein UMOD is cleaved between the D8C 
and EGF IV domains (J8). We observed that 
eUMOD retained the zigzag core structure, 
but densities for the arms were absent (Fig. 
1F; fig. S7; fig. S8, B to D; fig. S9; and movie 
$2). On the basis of the fitting of the pre- 
viously published crystal structure of trun- 
cated UMOD (EGF IV-ZP module) (J6) into 
our subtomogram averages, we propose a 
model in which the ZP module polymerizes 
into the filament backbone and the EGF I to 
III and D8C domains constitute the protrud- 
ing arms (Fig. 1G and fig. S9, C and D). This 
alternating ZP-stacking model differs from 
previously suggested architectures (16, 19) of 
the UMOD filament (fig. S10). 

Next, we investigated the interaction be- 
tween UMOD filaments and the adhesin, 
FimH, of type 1-piliated UPEC strains. FimH 
at the pilus tip recognizes terminal man- 
nosides in high-mannose N-glycans of the 
uroepithelial receptor uroplakin la (4, 20). 
Binding of type 1-piliated cells to UMOD 
filaments had been demonstrated, but the 
exact FimH binding site in UMOD remained 
unknown (6). We recorded the affinity of the 
isolated FimH lectin domain (FimH,,) to UMOD 
filaments and obtained a single apparent 
dissociation constant (Ka) of 2.2 x 107° M 
(Fig. 2A). Consistent with the high affinity of 
FimH, for UMOD, spontaneous dissociation 
of FimHy,, from UMOD filaments was very slow, 
with a half-life of 2.1 hours (Fig. 2B). Because 
FimH, binds mannosides with a 2000-fold 
higher affinity compared with full-length FimH— 
as a consequence of the ability of FimH to form 
catch bonds under tensile mechanical force 
(21, 22)—we calculated a Ka of ~4 x 10° M for 
the UMOD-FimH complex in the absence of 
shear stress. Using analytical gel filtration and 
gel-band densitometry, we determined the 
stoichiometry of the UMOD-FimH, complex 
to be 1:2 (Fig. 2, C and D, and fig. S11). 

To test which of the two high-mannose 
N-glycans of UMOD was recognized by FimH, 
we analyzed the UMOD-(FimH,;). complex using 
cryo-ET. Differences between UMOD-(FimH;)>. 
and native UMOD were already visible in in- 
dividual tomograms (fig. $12, A and B, and 
movie $3). The UMOD-(FimH,). subtomogram 
average revealed a prominent additional den- 
sity on the UMOD arms, which may be suf- 
ficient to accommodate two FimHy (Fig. 2, E 
and F; fig. S12, C to F; and movie S3). No no- 
table additional density was seen at the core 
of UMOD-(FimH ,), filaments or on eUMOD 
(containing only the high-mannose glycan 
at Asn*!*) incubated with FimH, (fig. S12, G 
to L). Together, our data demonstrate that the 
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Fig. 1. UMOD site-specific glycosylation pattern and filament architecture. 
(A) Domain organization of mature UMOD with four EGF-like domains (I to Ill, 
light blue; IV, green), the cysteine-rich D8C domain (light blue), and the bipartite 
ZP module (ZP-N and ZP-C, green) (1). The most abundant N-linked glycan 
forms identified at each N-glycosylation site are shown schematically (amino 
acid numbering according to UMOD with N-terminal signal peptide). Except for 
Asn’’° and Asn°’, all N-glycans were confirmed to be di-, tri-, or tetra-antennary 
complex type that could be sialylated and/or fucosylated. We observed mixed 
N-glycan structures at Asn°!?, composed of Man6 and, as previously reported, 
complex-type N-glycans (8). The sum of the masses of all identified glycans 
corresponded well to the average mass difference (20.1 kDa) between glycosylated 
and deglycosylated UMOD. The elastase-digested form of UMOD (eUMOD = Ser@°? 
through C terminus Phe°®”) is marked in green, and scissors indicate the elastase 
cleavage site after Ser2°!. NeuSAc, N-acetylneuraminic acid: Gal, galactose: Fuc, 
fucose; Man, mannose; GIcNAc, N-acetylglucosamine. (B to D) Cryo-ET of purified 


UMOD filaments revealed irregular bending and helical parameters. (C) and (D) 
show magnified views of the two most common orientations, revealing the zigzag 
core (C) and the lateral arms causing a fishbone-like appearance (D). 13.8-nm 
slices through cryotomograms are shown. Scale bars, 100 nm in (B) and 50 nm 
in (C) and (D). (E) Different orientations of a UMOD subtomogram average 
(surface renderings). The subtomogram average was low-pass filtered to 27 A to 
demonstrate the complete 3D architecture. (F) Different orientations (surface 
renderings, green) of the eUMOD subtomogram average. The superposition of 
eUMOD with native UMOD (transparent, light blue), low-pass filtered to the same 
resolution of 27 A, demonstrates the absence of the lateral arms in eUMOD. 
The unfiltered averages can be seen in fig. S9. (G) Proposed alternating 

ZP-N- and ZP-C-stacking model of the UMOD filament architecture [same 
orientation as in (F), right]. The two high-mannose N-glycan structures 

in each UMOD monomer are indicated by green glycan trees, and complex-type 
N-glycans are shown as gray triangles. 


high-mannose N-glycan at Asn?” of the UMOD 
arm is the only accessible FimH, -recognition site. 

We next analyzed binding of UMOD fila- 
ments to a mixture of type 1-piliated and 
nonpiliated E. coli cells by cryo-ET imag- 
ing. Each type 1-piliated cell exhibited a 
substantial increase in the local UMOD fila- 
ment concentration around the cells (n = 6 
tomograms) (Fig. 3, A and B; fig. S13, A 
and B; and movie S4). Contact sites between 
pili and UMOD were mainly at the FimH- 
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containing pilus tips (Fig. 3A). In contrast, 
no UMOD filaments accumulated around 
nonpiliated cells (xn = 7 tomograms; fig. S13, 
C and D) or piliated cells incubated with 
eUMOD (n = 3 tomograms; fig. $14). E. coli- 
UMOD association therefore requires both 
the presence of type 1 pili and the glycosyl- 
ated UMOD arm. 

Using light microscopy, we investigated 
bacteria-UMOD interactions on a larger scale. 
Incubation of type 1-piliated E. coli with 
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UMOD filaments resulted in the aggregation 
of bacteria and the formation of clumps that 
consisted of tens to hundreds of bacteria 
(Fig. 3C). Cell clumping occurred across a 
wide range of UMOD concentrations and 
was inhibited by an excess of p-mannose 
(Fig. 3C), which indicates that clumping was 
caused by FimH binding to UMOD glycans. 
However, preformed clumps proved to be re- 
sistant against dissociation by p-mannose 
(fig. S15). Total internal reflection fluorescence 
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Fig. 2. Two FimH, molecules bind to the high-mannose glycan on the UMOD 
arm. (A and B) Thermodynamics and kinetics of UMOD binding and release by 
FimH, at pH 7.4 and 25°C. (A) Competitive equilibrium displacement of the 
fluorescent mannoside GN-FP (21, 22) from FimH, with increasing UMOD 
concentrations, recorded through the decrease in GN-FP fluorescence 
anisotropy. (B) Kinetics of spontaneous dissociation of FimH, from UMOD, 
recorded through the binding of excess GN-FP to released FimH,. The 
obtained first-order kinetics (solid lines) were independent of GN-FP concentra- 
tion and thus directly monitored dissociation of FimH, from UMOD (kof = 9.1 x 
10° s*). Direct determination of the affinity of full-length FimH for UMOD 
filaments proved to be impossible because of the limited solubility of UMOD 
filaments (~100-uM monomers). (C and D) Titration of FimH, with increasing 
amounts of UMOD filaments to determine the stoichiometry of complex 
formation at pH 7.4 and different temperatures (15° 25° and 37°C). (C) Size 
exclusion chromatography (SEC) elution profiles of 10 uM FimH, incubated with 
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different amounts of UMOD filaments (UMOD monomer concentrations 

between 0 and 20 uM), detected through protein absorbance at 280 nm. (D) 
Peak area of free FimH,, plotted against the UMOD monomer-to-FimH, ratio, 
revealing that, on average, two FimH, molecules can bind to a single UMOD 
monomer. a.u., arbitrary units. (E) Different orientations of the subtomogram 
average (shown as a surface rendering) of UMOD filaments that were incubated 
with a fourfold excess of FimH, over UMOD monomers. Notable additional 
densities are detectable on the filament arms, whereas no extra densities could 
be identified on the filament core. (F) Overlay of surface renderings of 
subtomogram averages of native UMOD (blue) and UMOD incubated with a 
fourfold excess of FimH, (transparent orange), both low-pass filtered to a 
resolution of 27 A. The additional densities could accommodate two copies of 
FimHL (fig. S12, D to G). Together, the data indicate that up to two FimH, 
molecules bind to the high-mannose glycosylation site at Asn@’° in the D8C 
domain of the UMOD arm. 


(TIRF) microscopy showed that cell aggregates 
colocalized with UMOD (Fig. 3D). UMOD- 
dependent cell aggregation also occurred with 
a UPEC strain (fig. S16) but was not detected 
with nonpiliated £. coli or with piliated E. coli 
incubated with eUMOD (figs. S17 and S18). To 
visualize the UMOD-induced cell aggregates 
by cryo-ET, we thinned the sample using cryo- 
focused ion beam (FIB) milling (23). The cryo- 
tomograms consistently revealed bacteria that 
were tightly surrounded by a dense mesh of 
UMOD filaments (n = 17 tomograms; Fig. 3E, 
fig. S19, and movie S5). 

In addition to type 1 pili, many UPEC strains 
express multiple pili with diverse glycan spe- 
cificities. The UPEC strain CFT073 encodes 
type 1 pili (mannoside-specific lectin), F9 or 
Fm] pili (lectin specific for galactosides), and 
S-pili (lectin specific for sialic acid) (24-26). 
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We therefore tested the inhibition of UMOD- 
mediated cell clumping of CFT073 by the ad- 
dition of p-mannose, p-galactose, and sialic 
acid. Although p-mannose alone only slightly 
decreased cell aggregation (fig. S20, A and B), 
the addition of a cocktail of all three mono- 
saccharides proved to be most effective in 
reducing UMOD-mediated cell clumping (fig. 
S20B). This indicates that the complex-type 
UMOD glycans might interact with different 
types of pilus adhesins presented by different 
uropathogens. 

We verified these findings by analyzing un- 
processed urine from patients with clinically 
diagnosed UTIs using light microscopy and 
cryo-ET. Urine from a patient with an E. coli 
UTI revealed bacterial clumps that were 
embedded into fibrous structures (Fig. 4A). 
Individual bacteria from the same sample 
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were heavily piliated and always surrounded 
by numerous UMOD filaments (Fig. 4B and 
movie S6; n = 27 tomograms); several con- 
tact sites between pilus tips and UMOD were 
resolved (Fig. 4C and movie S6). Furthermore, 
we analyzed urine from UTI patients with other 
pathogens, including Klebsiella pneumoniae, 
Pseudomonas aeruginosa, and Streptococcus 
mitis. In all cases, we observed cell aggregates 
associated with fibrous structures using light 
microscopy, and 67 to 71% of cells imaged by 
cryo-ET confirmed the presence of UMOD 
filaments (fig. S21 and movie S7). 

Our data provide a three-dimensional (3D) 
structure of native UMOD filaments and sup- 
port the hypothesis that the polymerization of 
UMOD into a multivalent filament is required 
for its function as a FimH antagonist to ef- 
fectively compete with the high concentration 
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Fig. 3. UMOD associates with piliated bacteria and can lead to cell aggre- 
gation. (A and B) The type 1 pilus—deficient strain E. coli AAEC189 was 
transformed with the type 1 pilus expression plasmid pSH2, coincubated with 
UMOD filaments (1 uM UMOD monomers and ~1.6 x 10° E. coli cells/ml) and 
imaged with cryo-ET. A slice (8.6-nm thick) through a cryotomogram (A) and a 
segmentation of the same tomogram (B) are shown. Piliated bacteria (cell, 
brown; pili, orange) were always seen in close association with a loose mesh of 
UMOD filaments (blue lines or arrows). Note the contact site of the pilus tip with 
the UMOD filament. A partly lysed cell that resulted in higher image quality is 
shown. See fig. S13, A and B, for more examples. Scale bars, 100 nm. 

(C) Quantification of UMOD-mediated formation of cell aggregates with light 
microscopy. The bar graph shows the normalized clump area observed upon 
incubation (2 hours) at 37°C of a constant amount of type 1-piliated E. coli 
HB101 (FimAra) (~10° cells/mL), with different concentrations of UMOD 
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filaments (0.08 to 5.0 uM; concentrations refer to the UMOD monomer). The 
presence of 10 mM p-mannose inhibited aggregation across all UMOD 
concentrations tested. Representative light microscopy images are shown on the 
right (without and with 10 mM Man). Bars represent the means of biological 
triplicates + SEM. *P < 0.05 difference between groups [two-way analysis of 
variance (ANOVA), post hoc Tukey test]. Scale bars, 10 um. (D) Cell aggregates 
colocalized with UMOD filaments. Bright-field and TIRF microscopy images of 
type 1-piliated E. coli HB101 (FimAra) cells (excitation at 405 nm, green) that 
were incubated with fluorescent UMOD-Alexa647 filaments (red) are shown. 
Scale bars, 10 wm. (E) UMOD-induced E. coli aggregates were plunge-frozen, 
thinned by cryo-FIB milling, and imaged with cryo-ET (an 8.6-nm tomographic 
slice is shown). E. coli cells (brown) were always seen embedded in a highly 
dense meshwork of UMOD filaments (blue arrows). For further examples, 

see fig. S19. Scale bar, 100 nm. 


of uroplakin la on the urinary epithelium 
(4, 14, 27). The intrinsic flexibility of UMOD 
filaments allows their adaptation to the bac- 
terial surface, multivalent binding to pili from 
the same bacterium, and eventually encap- 
sulation of entire cells. Analogous to the 
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mechanism by which antibody-cross-linked 
clumps of enchained Salmonella cells facili- 
tate the removal of pathogens from the gut 
(28), UMOD-mediated cell aggregation may have 
a role in the efficient clearance of bacteria 
through micturition. 


2020 


Our study also sheds light on interactions 
between UMOD and pathogens other than 
type 1-piliated UPEC. UPEC genomes, for 
example, encode up to 16 fimbrial gene clusters, 
and UPEC switch expression between pilus types 
with distinct receptor specificities (24, 29-31). 
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Fig. 4. Urine from UTI patients shows cell aggregation and pilus- 
mediated UMOD association with bacterial cells. (A) Differential 
interference contrast (DIC) light microscopy imaging of urine from a 
patient with acute E. coli UTI revealed clustered bacteria. Scale bar, 10 um. 
(B) Cryo-ET imaging of urine from the same patient showed piliated 
(orange arrowheads) bacterial cells (labeled E. coli). All analyzed cells 


The seven different complex-type N-glycans on 
UMOD (Fig. 1A) may therefore competitively 
inhibit adhesion of other pathogens to other 
epithelial receptors. Finally, the resolved site- 
specific N-glycosylation pattern and architecture 
of UMOD filaments will serve as a framework 
for studying the mechanisms that underlie 
UMOD’s roles in the regulation of salt transport, 
kidney diseases, and innate immunity (/, 19). 
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Studies in humanized mice and convalescent humans 
yield a SARS-CoV-2 antibody cocktail 
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Neutralizing antibodies have become an important tool in treating infectious diseases. Recently, two 
separate approaches yielded successful antibody treatments for Ebola—one from genetically humanized 
mice and the other from a human survivor. Here, we describe parallel efforts using both humanized 
mice and convalescent patients to generate antibodies against the severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) spike protein, which yielded a large collection of fully human antibodies 

that were characterized for binding, neutralization, and three-dimensional structure. On the basis of 
these criteria, we selected pairs of highly potent individual antibodies that simultaneously bind the 
receptor binding domain of the spike protein, thereby providing ideal partners for a therapeutic antibody 
cocktail that aims to decrease the potential for virus escape mutants that might arise in response 

to selective pressure from a single-antibody treatment. 


n the setting of the current coronavirus 

disease 2019 (COVID-19) pandemic, there 

has been urgency to develop potent anti- 

viral treatments, and early efforts have 

hearkened back to the days of Emil von 
Behring, who won the Nobel prize for show- 
ing that antibodies can be transferred in 
serum. However, technological advances over 
the last century have allowed for the progres- 
sion from using convalescent serum to the 
utilization of recombinant fully human anti- 
bodies. The proposal to genetically humanize 
the immune system of mice (J) has provided 
an efficient source of naturally selected, fully 
human antibodies. For example, such mice 
have been used to develop checkpoint inhibi- 
tors for immune oncology (2) as well as Food 
and Drug Administration (FDA)-approved 
antibodies for the treatment of rheumatoid 
arthritis, cardiovascular disease, cutaneous 
squamous cell carcinoma, and allergic dis- 
eases such as asthma and atopic dermatitis. 
More recently, the ability to sort individual B 
cells from previously infected human patients 
and molecularly clone the antibody genes from 
these B cells has led to an independent source 
of human antibodies, albeit limited to anti- 
bodies that target infectious agents. Recently, 
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these two fundamentally different approaches 
were independently exploited to develop fully 
human antibody treatments for the lethal 
infectious disease caused by the Ebola virus: 
Genetically humanized VelocImmune (VI) mice 
(3, #) generated an Ebola antibody cocktail 
treatment (5), whereas sorting B cells from a 
recovered patient yielded a single-therapeutic 
antibody treatment (6). 

In this work, we describe parallel high- 
throughput efforts using both mice and hu- 
mans to generate antibodies against the spike 
protein of severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2). The ability to 
derive antibodies using genetically human- 
ized VI mice as well as B cells derived from 
convalescent patients enabled us to isolate a 
very large collection of fully human antibodies 
with diverse sequences, binding properties, 
and antiviral activities. The prospective goal 
of these parallel efforts was to generate a large 
and diverse collection so as to allow for the 
selection of pairs of highly potent individual 
antibodies that could simultaneously bind 
the critical receptor binding domain (RBD) 
of the spike protein, thereby providing ideal 
partners for a therapeutic antibody cocktail 
that would have the potential to decrease the 
likelihood of virus escape mutants that might 
arise in response to selective pressure from 
single-antibody treatments (7). 

Anti-SARS-CoV-2 spike antibodies were 
generated with the following two methods. 
First, VI mice were immunized with a DNA plas- 
mid that expresses SARS-CoV-2 spike protein 
and then were boosted with a recombinant 
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protein composed of the RBD of SARS-CoV-2 
spike. Second, antibodies were isolated from 
peripheral blood mononuclear cells (PBMCs) 
of human donors previously infected with 
SARS-CoV-2. VI mice elicited a robust immune 
response against the SARS-CoV-2 spike protein 
after immunization. Titers of mice blood collected 
7 days after the last boost were determined by 
enzyme-linked immunosorbent assay (ELISA) 
(fig. S1). Mice with the highest titers were 
used for antibody isolation. Spleens from these 
mice were subjected to biotin-labeled mono- 
meric RBD antigen staining and fluorescence- 
activated single-cell sorting. In parallel, whole 
blood was collected from three patients 3 to 
4 weeks after a laboratory-confirmed poly- 
merase chain reaction (PCR) positive test for 
SARS-CoV-2 and after showing symptoms of 
COVID-19. PBMCs were isolated by ficoll gradi- 
ent and RBD-specific B cells were fluorescence- 
activated single-cell sorted. The first sets of 
antibodies derived from these platforms are 
described here. 

To assess antigen-specific responses, natu- 
rally paired heavy and light chain cDNAs were 
cloned from the mice and human-derived B 
cells (8) and transfected into Chinese hamster 
ovary (CHO) cells to produce recombinant fully 
human antibodies. Cultured supernatants con- 
taining secreted antibodies were subjected 
to high-throughput screening for RBD protein 
binding. Thousands of antibodies were isolated 
and subsequently screened for binding affinity 
to RBD monomer and dimer, epitope diversity, 
ability to block angiotensin-converting enzyme 
2 (ACE2) receptor binding to RBD, and ability 
to neutralize vesicular stomatitis virus (VSV)- 
based SARS-CoV-2 spike pseudoparticles [pVSV- 
SARS-CoV-2-S(mNeon)]. Screening yielded 
>200 neutralizing monoclonal antibodies (mAbs) 
with broad potency ranges, dozens of which 
displayed neutralization potency in the pico- 
molar range. 

More than 200 of the VI mouse and human- 
derived antibodies isolated in the primary 
screen neutralized VSV-based SARS-CoV-2 
spike pseudoparticles at >70% with ~2 ug/ml 
of expressed antibodies. The antibody varia- 
ble regions were sequenced by next-generation 
sequencing, and the repertoire for heavy and 
light chain pairs was identified (Fig. 1). The 
predominant lineage of VI mouse antibodies 
utilized VH3-53 paired with VK1-9, VK1-33, 
or VK1-39, whereas our human-derived anti- 
bodies utilized VH3-66 paired with VK1-33 or 
VH2-70 paired with VK1-39. Notably, VH3-53 
usage has recently been reported for another 
human-derived potent neutralizing anti- 
body against SARS-CoV-2 spike protein (9-11), 
which indicates that combining the VI mouse 
approach with the human platforms allows 
the expanded capture of common rearrange- 
ments found in potent neutralizing SARS- 
CoV-2 mAbs seen in humans. Further analysis 
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Fig. 1. Paired antibody repertoire for human- and mouse-derived SARS-CoV-2 neutralizing antibodies. (A and B) Variable (V) gene frequencies for paired heavy 
(x axes) and light (y axes) chains of isolated neutralizing antibodies to SARS-CoV-2 for VI mice (A) (N = 185) and convalescent human donors (B) (N = 68). The color 
and size of the circles correspond to the number of heavy and light chain pairs present in the repertoires of isolated neutralizing antibodies. Neutralization is defined 
as >70% with 1:4 dilution of antibody (~2 ug/ml) in VSV-based pseudoparticle neutralization assay. 


of overlaid sequences (fig. S2) showed strong 
overlap in the repertoire of isolated kappa 
chains between VI mouse and human-derived 
antibodies. Although the repertoire of lambda 
chains did not overlap well, that may be because 
only two lambda mice were included in this 
trial. The average complementarity-determining 
region (CDR) lengths (fig. S2D) for heavy chains 
was similar between VI mouse and human- 
derived antibodies, with average lengths of 13 
and 14.5 amino acids, respectively. The average 
kappa CDR length (fig. S2E) was the same for 
VI mouse and human-derived antibodies at 
9 amino acids, and the lengths were similar 
for lambda chains (fig. S2F), with an average 
length of 11.1 and 10.6 amino acids, respectively. 

Approximately 40 antibodies with distinct 
sequences and potent neutralization activ- 
ities were chosen for additional characteri- 
zation, as described below. The neutralization 
potency of these mAbs spanned the single-digit 
to triple-digit picomolar range in the VSV-based 
pseudoparticle assay. Antibodies shown to 
cross-neutralize SARS-CoV-1 and SARS-CoV-2 
spike proteins were weakly neutralizing (12). 
So instead of focusing on cross-neutralizers, 
we focused on nine of the most potent neu- 
tralizing mAbs, with neutralization potencies 
ranging from 7 to 99 pM (Fig. 2A and table 
S1). All of these neutralizing mAbs bound to 
the RBD of SARS-CoV-2 spike and blocked its 
ability to interact with ACE2 with double-digit 
picomolar median inhibitory concentrations 
(ICs08) (table SI), which supports ACE2 block- 
ade as the primary mechanism for neutraliza- 
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tion. The antibodies bound specifically and 
with high affinity to monomeric SARS-COV-2 
RBD [dissociation constant (Kg) = 0.56 to 
45.2 nM] and dimeric SARS-COV-2 RBD (Kg = 
5.7 to 42.8 pM). Because recombinant ACE2 
receptor is being considered as a COVID-19 
therapeutic (73), we tested the potency of re- 
combinant dimeric human ACE2-Fe (nACE2-hFc) 
in our neutralization assay. Although recom- 
binant ACE2 was able to mediate neutraliza- 
tion of the VSV-based spike pseudoparticles 
as previously reported, its potency was reduced 
by more than a factor of 1000 compared with 
that of the best neutralizing mAbs (Fig. 2, A 
and B). 

A smaller collection of four antibodies was 
chosen for further analyses to determine whether 
the above binding data to RBD reflected bind- 
ing to trimeric spike protein, whether neutral- 
ization potencies noted in the above assays 
were consistent with those seen in other assays 
including with SARS-CoV-2, and whether these 
antibodies retained neutralization activity against 
pseudoparticles with mutations in the S1-S2 
cleavage site. The binding affinity of these 
four antibodies against trimeric SARS-CoV-2 
spike (Kg = 37.1 to 42.8 pM) largely paral- 
leled the affinity against the RBD (table S3). 
Additionally, the potent neutralizing activity 
of these four antibodies was confirmed in 
the additional neutralization assays, includ- 
ing neutralization of pVSV-SARS-CoV-2-S 
(mNeon) in the human lung epithelial Calu-3 
cell line, neutralization of replicating VSV- 
SARS-CoV-2-S in Vero cells, and neutraliza- 
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tion of SARS-CoV-2 in VeroE6 cells (Fig. 2, B to 
D). All neutralization assays generated similar 
potency across the four mAbs, and no combi- 
nations demonstrated synergistic neutrali- 
zation activity (Fig. 2, C and D). As previous 
studies indicate pseudoparticles contain- 
ing the SARS-CoV-2 spike are precleaved by 
furin-like proteases at the polybasic S1-S2 
cleavage site during biogenesis in HEK293T 
cells, we assessed the impact of this cleavage 
on mAb neutralization potency. Spike-stabilized 
pseudoparticles (fig. S3A) with a monobasic 
cleavage site (FurMut) in the S1-S2 interface or 
deleted region (FurKO) were produced as pre- 
viously described (14, 15). No differences were 
observed in neutralization of either FurMut- 
or FurKO-containing pseudoparticles relative 
to wild-type (WT) in Vero cells (fig. S3B). No- 
tably, stabilized pseudoparticles had compa- 
rable or greater infectivity to those with WT 
cleavage sites in Vero cells, whereas substan- 
tial loss of infectivity was observed in Calu-3 
cells (fig. S3C). Authentic SARS-CoV-2 with a 
natural deletion of the S1-S2 junction also had 
defects in infectivity in Calu-3 but not in Vero 
cells (16), which implicates differential prote- 
ase usage between these two cell types. To in- 
vestigate the mechanism of neutralization, we 
generated antigen-binding fragments (Fabs) 
for the four antibodies. We compared immuno- 
globulin G (IgG) with corresponding Fabs side 
by side for their ability to neutralize pseudo- 
typed VSV (fig. S4). The ICsos of all the Fabs 
were shifted compared with those of their 
parental IgGs, which indicates that bivalent 
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binding, cross-linking, and steric hindrance 
might all augment neutralization. 

Although the role of antibody effector func- 
tion in protection against SARS-CoV-2 is yet 
unknown, it has been well established that it 
plays an important role in mAb therapeutic 
efficacy against other viruses such as Ebola 
and influenza viruses (17-19). Effector cells 
including macrophages and monocytes have 
also been shown to be important for antibody- 
mediated protection from SARS-CoV-1 infec- 
tion (20). To understand whether our lead 
antibodies are capable of mediating effector 
function, we assessed both antibody-dependent 
cellular cytotoxicity (ADCC) and antibody- 
dependent cellular phagocytosis (ADCP) activ- 
ity in primary human cell bioassays utilizing 
natural killer (NK) cells and monocyte-derived 
phagocytes. All four lead antibodies demon- 
strated the ability to mediate ADCC and ADCP, 
albeit to slightly different degrees. REGN10987 
displayed superior ability to mediate ADCC rel- 
ative to the other three mAbs, whereas it per- 
formed similarly to REGN10989 and REGN10933 


tod ao 
o So 


% Neutralization 
& 


20 


eee ds eeeee 


-14 -13 -12 -11 
Concentration Log, 0) [M] 


10 -9 -8 -7 -6 


+e eeee es 


% Neutralization 


11-1009 -8 7 


a 6 
Antibody Concentration Log,,,) [M] 


IgG1 Isotype Control 
REGN10989 

REGN10987 

REGN10933 

REGN10934 
REGN10987+REGN10933 
REGN10989+REGN10934 


in the ADCP assay (fig. S5 and table S3). Al- 
though REGN10934 was able to mediate both 
ADCC and ADCP, it was not as strong of an in- 
ducer in those assays as the other three mAbs 
(fig. S6 and table S4). Further identification 
of mAb epitopes through high-resolution struc- 
tural analysis may help illuminate the relation- 
ship between specific epitopes and effector 
function of anti-spike mAbs. 

A prospective goal of our effort was to iden- 
tify highly potent individual antibodies that 
could be paired in a therapeutic antibody cock- 
tail, aiming to decrease the potential for de- 
creased efficacy caused by variants arising as 
the pandemic spreads or by virus escape mu- 
tants that might be selected for in response to 
pressure from a single-antibody treatment (7). 
Thus, we examined our nine most-potent neu- 
tralizing antibodies in cross-competition bind- 
ing assays (fig. S7) and identified several pairs 
of noncompeting mAbs with picomolar neu- 
tralization potency that could potentially be 
combined to form antibody cocktails. To fur- 
ther study the binding regions of our mAbs on 
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spike protein RBD, we performed hydrogen- 
deuterium exchange mass spectrometry (HDX- 
MS) with the same nine antibodies (Fig. 3), 
which revealed where each of the antibodies 
contacts the surface of the RBD and allowed 
comparison with the ACE2 binding site on the 
RBD (Fig. 3). As might be expected, most of 
our neutralizing antibodies contact the RBD 
in a manner that overlaps the RBD residues 
that comprise the ACE2 interface; further- 
more, the antibodies can be grouped on the 
basis of their pattern of contacting the RBD 
surface. Comparing the cross-competition bind- 
ing assays with the HDX-MS results provides 
structural insights into the mechanism by which 
noncompeting pairs of antibodies can simul- 
taneously bind the RBD and can thus be ideal 
partners for a therapeutic antibody cocktail. 
REGN10987 and REGN10933 represent such 
a pair of antibodies: REGN10933 targets the 
spike-like loop region on one edge of the ACE2 
interface. Within that region, the residues that 
show the most notable HDX protection by 
REGNI10933 face upward, which suggests that 
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Fig. 2. Neutralization potency of anti-SARS-CoV-2 spike mAbs. (A) Serial 
dilutions of anti-spike mAbs, lgG1 isotype control, and recombinant dimeric 
ACE2 (hACE2.hFc) were added with pVSV-SARS-CoV-2-S(mNeon) to Vero 
cells, and mNeon expression was measured 24 hours after infection as a 

readout for virus infectivity. Data are graphed as percent neutralization relative 
to virus-only infection control. (B) Neutralization potency of anti-spike mAbs, 
recombinant dimeric ACE2, and IgG1 isotype control against nonreplicating 
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pVSV-SARS-CoV-2-S(mNeon) in Calu-3 cells. (©) Neutralization potency of 
individual anti-spike mAbs and combinations of mAbs against replicating 
VSV-SARS-CoV-2-S virus in Vero cells. Cells were infected with a multiplicity 
of infection (MOI) 1 of the virus and stained for viral protein 24 hours after 
infection to measure infectivity. (D) Neutralization potency of individual 
anti-spike mAbs and combinations of mAbs against SARS-CoV-2-S virus 

in VeroE6 cells. 
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Fig. 3. HDX-MS determines mAb 
interaction on spike protein 
RBD. 3D surface models for the 
structure of the spike protein RBD 
domain showing the ACE2 
interface and HDX-MS epitope 
mapping results. RBD residues 
that make contacts with ACE2 
(21, 22) are indicated in yellow 
(top). RBD residues protected by 
anti-SARS-CoV2 spike antibodies REGN10933 
are indicated with colors that 
represent the extent of protection, 
as determined by HDX-MS 
experiments. RBD residues in REGN10954 
purple and blue indicate sites of 

lesser solvent exchange upon 

antibody binding that have 

greater likelihood to be antibody- EC 3 REGN10986 
binding residues. The RBD 

structure is reproduced from 

PDB 6M17 (21). 
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Fig. 4. Complex of REGN10933 and REGN10987 with the SARS-CoV-2 RBD. (A) 3.9-A cryo-EM map of 
the REGN10933-RBD-REGN10987 complex, colored according to the chains in the refined model (B). RBD is 
colored dark blue; REGN10933 heavy and light chains are green and cyan, respectively; and REGN10987 
heavy and light chains are yellow and red, respectively. 
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the Fab region of REGN10933 binds the RBD 
from the top direction, where REGN10933 will 
have collisions with ACE2. To avoid competi- 
tion with REGN10933, REGN10987 can only 
bind to the HDX-defined protected regions 
from the front or the lower left side (in the 
front view of REGN10987 in Fig. 3). This would 
be consistent with the neutralization data, as 
REGN10987 would orient itself in a position 
that has high probability to interfere with ACE2. 
Confirming the above data, single-particle cryo- 
electron microscopy (cryo-EM) of the complex 
of SARS-CoV-2 spike RBD bound to Fab frag- 
ments of REGN10933 and REGN10987 shows 
that the two antibodies in this cocktail can 
simultaneously bind to distinct regions of the 
RBD (Fig. 4 and table S5). A three-dimensional 
(3D) reconstructed map of the complex with 
nominal resolution of 3.9 A shows that the two 
Fab fragments bind at different epitopes on the 
RBD, which confirms that they are noncom- 
peting antibodies. REGN10933 binds at the top 
of the RBD, extensively overlapping the binding 
site for ACE2. On the other hand, the epitope for 
REGN10987 is located on the side of the RBD, 
away from the REGN10933 epitope, and has 
little to no overlap with the ACE2 binding site. 

We report notable similarities and consis- 
tencies in the antibodies generated from 
genetically humanized mice and from con- 
valescent humans. The scale of the genetic- 
engineering approach used to create the VI 
mouse (involving genetic-humanization of 
more than 6 Mb of mouse immune genes) 
has resulted in the ability to effectively and 
indistinguishably mimic the antibody responses 
of normal humans. The genetically humanized- 
mouse approach has the advantages that it 
can potentially allow for further immuniza- 
tion optimization strategies and that it can be 
applied to noninfectious disease targets. By 
combining the efforts from two parallel and 
high-throughput approaches for generating 
antibodies to the RBD of the SARS-CoV-2 spike 
protein, we generated a sufficiently large col- 
lection of potent and diverse antibodies that 
we could meet our prospective goal of identi- 
fying highly potent individual antibodies that 
could be combined into a therapeutic anti- 
body cocktail. Inclusion of such antibodies 
into an antibody cocktail may deliver optimal 
antiviral potency while minimizing the odds 
of virus escape (7)—two critical, desired fea- 
tures of an antibody-based therapeutic for 
treatment and prevention of COVID-19. Such 
an antibody cocktail is now being tested in 
human trials (clinicaltrials.gov NCT04426695 
and NCT04425629). 
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Antibody cocktail to SARS-CoV-2 spike protein 
prevents rapid mutational escape seen with 


individual antibodies 


Alina Baum, Benjamin 0. Fulton, Elzbieta Wloga, Richard Copin, Kristen E. Pascal, Vincenzo Russo, 
Stephanie Giordano, Kathryn Lanza, Nicole Negron, Min Ni, Yi Wei, Gurinder S. Atwal, 
Andrew J. Murphy, Neil Stahl, George D. Yancopoulos, Christos A. Kyratsous* 


Antibodies targeting the spike protein of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
present a promising approach to combat the coronavirus disease 2019 (COVID-19) pandemic; however, 
concerns remain that mutations can yield antibody resistance. We investigated the development of 
resistance against four antibodies to the spike protein that potently neutralize SARS-CoV-2, individually as 
well as when combined into cocktails. These antibodies remain effective against spike variants that have 
arisen in the human population. However, novel spike mutants rapidly appeared after in vitro passaging 
in the presence of individual antibodies, resulting in loss of neutralization; such escape also occurred 
with combinations of antibodies binding diverse but overlapping regions of the spike protein. Escape 
mutants were not generated after treatment with a noncompeting antibody cocktail. 


ne promising approach to combat the 

coronavirus disease 2019 (COVID-19) 

pandemic involves development of anti- 

viral antibodies targeting the spike pro- 

tein of severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2). The spike protein 
is a key mediator of viral infectivity required for 
attachment and entry into target cells, which is 
achieved by binding the ACE2 receptor (/, 2). A 
concern for any antiviral therapeutic is the 
potential for acquiring drug resistance due 
to the rapid mutation of viral pathogens. Such 
resistance becomes more obvious when selec- 
tive pressure is applied in the setting of drug 
treatment. For example, when HIV drugs were 
initially used individually, such drug-selected 
mutations resulted in widespread resistance. 
The subsequent success of combination ther- 
apy for HIV demonstrated that requiring the 
virus to simultaneously mutate at multiple ge- 
netic positions may be the most effective way 
to avoid drug resistance. 

We recently described parallel efforts, using 
genetically humanized mice and B cells from 
convalescent humans, to generate a very large 
collection of highly potent, fully human neu- 
tralizing antibodies targeting the receptor- 
binding domain (RBD) of the spike protein 
of SARS-CoV-2 (3). The prospective goal of 
generating this very large collection was to 
select pairs of highly potent individual anti- 
bodies that could simultaneously bind the 
RBD spike, and thus might be ideal partners 
for a therapeutic antibody cocktail that not 
only could be an effective treatment, but might 
also protect against antibody resistance result- 
ing from virus escape mutants that could arise 
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in response to selective pressure from single- 
antibody treatments. 

To assess the efficacy of our recently de- 
scribed antiviral antibodies against the breadth 
of spike RBD variants represented in publicly 
available SARS-CoV-2 sequences identified 
through the end of March 2020 (representing 
more than 7000 unique genomes), we used 
the VSV pseudoparticle system expressing the 
SARS-CoV-2 spike variants. Our top eight 
neutralizing antibodies maintained their po- 
tency against all tested variants (Table 1), 
demonstrating broad coverage against circu- 
lating SARS-CoV-2. 

Next, escape mutants were selected under 
pressure of single antibodies, as well as of 
antibody combinations, by using a replicating 
VSV-SARS-CoV-2-S virus (Fig. 1A). We rapidly 
identified multiple independent escape mu- 
tants for each of the four individual antibodies 
within the first passage (Fig. 1, B and C, and 
Fig. 2). Some of these mutants became readily 
fixed in the population by the second passage, 
representing 100% of sequencing reads, and 
are resistant to antibody concentrations of up to 
50 ug/ml [a factor of ~10,000 to 100,000 greater 
concentration than half-maximal inhibitory 
concentration (IC;9) against parental virus]. 
Sequencing of escape mutants (Fig. 2) revealed 
that single amino acid changes can ablate 
binding even to antibodies that were selected 
for breadth against all known RBD variants 
(Table 1) and that neutralize parental virus 
at IC, values in the low picomolar range (3). 

Analysis of 22,872 publicly available unique 
genome sequences (through the end of May 
2020) demonstrated the presence of poly- 
morphisms analogous to two of the escape 
amino acid residues identified in our study, 
albeit at an extremely low frequency of one 
each. Thus, although natural variants resist- 
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ant to individual antiviral antibodies were not 
widely observed in nature, these rare escape 
variants could easily be selected and amplified 
under the pressure of ongoing antibody treat- 
ment. These studies were conducted with a 
surrogate virus in vitro; one would expect that 
similar escape mutations may occur with SARS- 
CoV-2 virus in vivo under the selective pressure 
of single-antibody treatment. The differential 
propensity of VSV and SARS-CoV-2 viruses to 
acquire mutations may affect the speed at which 
these escape mutants may arise; however, the 
likelihood of eventual escape remains high. 

Next, we evaluated escape after treatment 
with our previously described antibody cock- 
tail (REGN10987+REGN10933), which was ra- 
tionally designed to avoid escape through 
inclusion of two antibodies that bind distinct 
and non-overlapping regions of the RBD, and 
thus can simultaneously bind and block RBD 
function. Attempts to grow VSV-SARS-CoV-2- 
S virus in the presence of this antibody cock- 
tail did not result in the outgrowth of escape 
mutants (Table 2, Fig. 1, B and C, and Fig. 2). 
Thus, this selected cocktail did not rapidly 
select for mutants, presumably because es- 
cape would require the unlikely occurrence of 
simultaneous viral mutation at two distinct 
genetic sites, so as to ablate binding and neu- 
tralization by both antibodies in the cocktail. 

In addition to the above cocktail, we also 
evaluated escape after treatment with additional 
combinations (REGN10989+REGN10934 and 
REGN10989+REGN10987), this time consist- 
ing of antibodies that completely or partially 
compete for binding to the RBD—that is, two 
antibodies that bind to overlapping regions 
of the RBD. Under selective pressure of these 
combination treatments, we observed rapid 
generation of escape mutants resistant to one 
combination but not the other (Table 2, Fig. 1, 
B and C, and Fig. 2). For an antibody cocktail 
in which the components demonstrate com- 
plete competition (REGN10989+REGN10934), 
a single amino acid substitution was sufficient 
to ablate neutralization of the cocktail; hence, 
both of these antibodies require binding to the 
Glu*** residue in order to neutralize SARS- 
CoV-2. Interestingly, such rapid escape did 
not occur for a different antibody cocktail 
in which the components exhibited only par- 
tial competition (REGN10989+REGN10987) 
(3); REGN10987 can weakly bind to RBD when 
REGN10989 is prebound. Thus, even a combi- 
nation of antibodies that are not selected to 
simultaneously bind may occasionally resist 
escape because their epitopes only partially 
overlap, or because residues that would result 
in escape are not easily tolerated by the virus 
and are therefore not readily selected for. 

To functionally confirm that the spike pro- 
tein mutations detected by sequencing are 
responsible for the loss of SARS-CoV-2 neu- 
tralization by the antibodies, we generated 
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Fig. 1. Escape mutant screening protocol. (A) Schematic of the VSV-SARS- 
CoV-2-S virus genome encoding residues 1 to 1255 of the spike protein in place 
of the VSV glycoprotein. N, nucleoprotein; P, phosphoprotein; M, matrix; L, large 
polymerase. (B) A total of 1.5 x 10° plaque-forming units (pfu) of the parental 
VSV-SARS-CoV-2-S virus was passed in the presence of antibody dilutions for 
4 days on Vero E6 cells. Cells were screened for virus replication by monitoring 
for virally induced cytopathic effect (CPE). Supernatants and cellular RNAs 
were collected from wells under the greatest antibody selection with detectable 
viral replication (circled wells; >20% CPE). For a second round of selection, 
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100 ul of the Pl supernatant was expanded for 4 days under increasing antibody 
selection in fresh Vero E6 cells. RNA was collected from the well with the highest 
antibody concentration with detectable viral replication. The RNA was deep- 
sequenced from both passages to determine the selection of mutations resulting 
in antibody escape. (C) The passaging results of the escape study are shown 
with the qualitative percentage of CPE observed in each dilution (red, >20% CPE; 
blue, <20% CPE). Black-bordered boxes indicate dilutions that were passaged 
and sequenced in Pl or sequenced in P2. A no-antibody control was sequenced 
from each passage to monitor for tissue culture adaptations. 
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Table 1. Anti-SARS-CoV2 spike mAbs demonstrate broad neutralization across SARS-CoV-2 spike RBD variants. Eight anti-spike antibodies were 
tested against 16 SARS-CoV-2 spike protein RBD variants identified from viral sequences circulating through the end of March 2020. The listed variants were 
encoded into pVSV-SARS-CoV-2-S (mNeon) pseudoparticles, and neutralization assays were performed in Vero cells. IC59(M) values are shown for each 
variant. For all variants, no neutralization was observed with hlgG1 isotype control. Amino acid abbreviations: A, Ala; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; 


K, Lys; L, Leu; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; Y, Tyr. 
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Position in genome 3299 3312 3853 43826 4407 4411 4425 4435 4442 4527 4531 4533 4545 4546 4554 5040 5122 5130 5137 5383 5412 6460 
Position in spike gene 222 235 776 1249 1330 1334 1348 1358 1365 1450 1454 1456 1468 1469 1477 1963 2045 2053 2060 2306 2335 3383 
Reference nucleotide T i Cc A A T A A G G G T T T Cc Cc G Cc T G Cc T 

Variant nucleotide A A A G Cc Cc G T T A A G Cc Cc A T A A G A A Cc 

Position in protein 74 79 259 417 444 445 450 453 455 484 485 486 490 490 493 655 682 685 687 769 779 1128 

Ref Residue N F U K K Vv N Y L [= G lF F F Q H R R Vv G Q Vv 
Variant Residue K ! K Q A D Ss G E K A 
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Isotype control 50ug/ml |alsy-n Kya ales 54% | 50% 8% 4% 
Virus Only 8% 8% MAG 28% | 83% 7% 8% 


equency 


Frequency 
<10% 


<x< 50% 


Frequency 
> 50% 


Fig. 2. Deep sequencing of passaged virus identifies escape mutations. 
VSV-SARS-CoV-2-S virus was mixed with anti-spike monoclonal antibodies 
(mAb), individually or in combination. Viral RNA from wells with the highest mAb 
concentration and detectable CPE on passage 1 or passage 2 (collected 4 days 
after infection) was isolated and RNA-seq analysis was performed to identify 
changes in spike protein sequence relative to input virus. For passage 2, viral 
RNA was isolated and sequenced from wells with high mAb concentrations 
(>10 ug/ml) with subsequently validated escape; if no validated escape was seen 


at these high mAb concentrations and no virus was grown, ND indicates that no 
virus RNA was isolated. All mutated amino acid residues within the spike 
protein are shown. The specific condition (concentration in ug/ml) of the well 
that was selected for sequencing is shown in the left column (see Fig. 1 for 
outline of the experiment). Red boxes highlight residues that were mutated 
relative to input virus under each condition specified in the left column. 
Percentages of sequencing reads that contained the respective mutant sequence 
are identified. Residues mapping to the RBD are highlighted in blue. 


VSV-SARS-CoV-2 spike pseudoparticles ex- 
pressing the individual identified spike mu- 
tations. These pseudoparticles were used 
in neutralization assays with single- and 
multiple-antibody treatments, and ICs, val- 
ues were calculated (Table 2 and fig. S1). As 
expected, pseudoparticles with amino acid 
mutations that were selected by passaging 
the virus in the presence of the four single 
antibodies, as well as of the REGN10989 
+REGN10934 competing antibody cocktail, 
were sufficient to completely eliminate or 
greatly decrease the ability of these treat- 
ments to neutralize in these assays. Single 
escape mutants that were detected at low fre- 
quency in early passages in virus populations 
generated by two antibodies [e.g., Lys““* Gin 
(K444Q) by both REGN10934: and REGN10987] 
but were fixed in the later passage by only one 
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of these antibodies (REGN10987) were able to 
ablate neutralization by both treatments. This 
suggests that antibodies can drive virus evolu- 
tion and escape in different directions. How- 
ever, if two antibodies have partially overlapping 
binding epitopes, then escape mutants fixed 
in the virus population by one can result in 
the loss of activity of the other; this high- 
lights the risks of widespread use of single- 
antibody treatments. Notably, the REN10987 
+REGN10933 antibody cocktail—which con- 
sists of two antibodies that can simultaneously 
bind to two independent epitopes on the RBD— 
retained its ability to neutralize all identified 
mutants, even those that were selected for by 
single treatment with one of its components. 

In our sequencing of passaged virus pools, 
we also identified multiple mutations outside 
of the RBD, most of which were present at 
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various abundances within control samples, 
including the original inoculum and virus- 
only passages (Fig. 2). The most abundant of 
these mutations [His®® — Tyr (H655Y) and 
Arg®? —, Gln (R682Q)] are near the S1°/S2” 
cleavage site within the spike protein and 
contain residues within the multibasic furin- 
like cleavage site. Mutations and deletions in 
this region have been identified with tissue 
culture-passaged VSV-SARS-CoV-2-S as well 
as SARS-CoV-2 viruses and likely represent 
tissue culture adaptations (4, 5). 

Because RNA viruses are well known to 
accumulate mutations over time, a concern 
for any antiviral therapeutic is the potential 
for selection of treatment-induced escape mu- 
tants. A common strategy to safeguard against 
escape to antibody therapeutics involves selec- 
tion of antibodies binding to conserved epitopes; 
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Table 2. Neutralization potency of individual anti-spike antibodies 
and antibody combinations against pseudoparticles encoding indi- 
vidual escape mutants: IC59 summary. Escape mutations identified by 
RNA-seq analysis within the RDB domain were cloned and expressed on 
pseudoparticles to assess their impact on mAb neutralization potency. 
Boxes in boldface highlight conditions that resulted in a decrease in 


REGN10989 
12M WO 


Escape mutants 
Wild-type 


2i65 = 1 NC 


Ie Ome 


493K NC 


however, this strategy may not suffice. Although 
some informed analysis can be made regard- 
ing epitope conservation based on sequence 
and structural analysis (6), the possibility of 
escape still exists under strong selection 
pressure. Indeed, escape studies performed 
with anti-influenza hemagglutinin stem binding 
antibodies have shown that escape mutants 
can arise despite high conservation of the stem 
epitope between diverse influenza subtypes, 
with some escape mutations arising outside 
of the antibody epitope region (7, 8). Anti- 
bodies that demonstrate broad neutralization 
across multiple species of coronaviruses, and 
thus may be targeting more conserved resi- 
dues, have not been shown to be immune to 
escape upon selective pressure. In addition, 
their neutralization potency is orders of mag- 
nitude lower than that of the most potent 
neutralizing antibodies specific for SARS- 
CoV-2 (6, 9-11). Neutralization is thought to 
be the key mechanism of action of anti- 
coronavirus spike antibodies and has previ- 
ously been shown to correlate with efficacy in 
animal models (12), and may therefore prove 
to be the most important driver of initial clin- 
ical efficacy. However, as demonstrated with 
our single-antibody escape studies, even highly 
potent neutralization does not protect against 
the rapid generation of viral escape mutants, 
and escape remains a major concern with in- 
dividual antibody approaches. 

Our data strongly support the notion that 
cocktail therapy may provide a powerful way to 
minimize mutational escape by SARS-CoV-2; 
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REGN10987 
3.65 x 104 


3.87 x 10 


3.16 x 104 


4.19 x10" NC 


neutralization curves. 


ICso of at least 1.5 log units relative to wild-type pseudoparticles or loss of 
neutralization. NC indicates that ICs59 could not be calculated because 

of poor neutralization ability. Reduction in ICs of less than 1 log unit can 
be seen in mAb combination conditions where one of the mAbs has no 
potency (e.g., K444Q and REGN10933/10987). See fig. S1 for full 


Anti-SARS-CoV-2 spike monoclonal antibodies 


REGN10933 


5.57 x 10-4 5.99 x 1074 


5.38 x 10° 


8.82 x 10-4 LAP x O- 


4.34 x 104 


3.50 x 10-4 
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in particular, our studies point to the poten- 
tial value of antibody cocktails in which two 
antibodies were chosen so as to bind to dis- 
tinct and non-overlapping regions of the viral 
target (in this case, the RBD of the spike pro- 
tein), and thus require the unlikely occurrence 
of simultaneous mutations at two distinct ge- 
netic sites for viral escape. A clinical candidate 
selection criterion for broad potency that in- 
cludes functional assessment against natural- 
ly circulating sequence variants, as well as 
inclusion of multiple antibodies with non- 
overlapping epitopes, may provide enhanced 
protection against loss of efficacy. Future in 
vivo animal and human clinical studies will 
need to pay close attention to the possible 
emergence of escape mutants and poten- 
tial subsequent loss of drug efficacy. 
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Postdocs need to prepare for many things during their job search, including a panel interview. 


Daunting but doable: Job searching after a postdoc 


How postdocs can compete in a historically tight academic job market 
By Kendall Powell 


When neuroscientist Nafisa Jadavji entered the job market to search 
for an academic position in North America, she had already completed 
two successful postdoctoral stints in Berlin, Germany, and Ottawa, 
Canada; secured funding; and had 30 publications to her name. She 
applied to hundreds of positions, was invited for 10 onsite interviews, 
and eventually received one offer, for the assistant professor position 
she started in July 2019 at Midwestern University in Glendale, Arizona. 

For better or worse, Jadavji’s experiences are typical for academic 
job candidates. A survey of more than 300 applicants during the 2018- 
2019 academic job search season showed that the median number of 
onsite interviews was two and the median number of job offers was 
just one (7). 

Recalling her own grueling, all-consuming search, Jadavji says 
postdocs need to develop a thick skin and persist in the process, 
especially women of color in science, technology, engineering, and 
mathematics (STEM) fields. Like many other candidates, she found 
the exercise hugely frustrating for its lack of transparency. When she 
asked for feedback from places that turned her down, she often got 
inactionable answers: “You don’t smile enough. There were better 
candidates. You don’t act like a Pl [principal investigator].” 

Searching for a permanent academic position after the postdoctoral 
term is not for the faint of heart. ln some ways, postdocs have made a 
lot of progress—U.S.-based postdocs broke the USD 50,000 starting 
salary milestone this year as set by the U.S. National Institutes of 
Health (NIH) National Research Service Award pay scale (2). And nearly 
every university or institution that hires postdocs now has an office or 
program dedicated to their professional development. 


Upcoming features 
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Yet, those who want to continue on the academic track face steep 
hurdles. Only 14%-20% of U.S. biomedical Ph.D. holders will eventually 
move on to an assistant professor, group leader, or equivalent 
permanent position (3,4). Only one-quarter of postdocs graduating 
from prestigious posts at the University of California, San Francisco 
(UCSF) and the Massachusetts Institute of Technology advance to 
professorships (5). 

For those who see this as their career path, however, it’s possible 
to shed some light on this murky process. Science has interviewed 
postdocs who've recently succeeded with their job search. In addition, 
two recent studies collected data to characterize what makes a 
successful candidate and what criteria search committees are looking 
for (1, 6). 


Core characteristics 

Pearl Ryder, a postdoc at Emory University and founder of the 
@FuturePl_Slack group and Twitter account, says that candidates 
who stand out show they have a vision for the future lab they want 
to create. 

That largely aligns with the most highly prioritized hiring 
characteristics revealed by in-depth interviews with faculty members 
on search committees from 20 life science departments (6). Researchers 
at UCSF and Northwestern University in Chicago developed a rubric 
broken down by type of university (teaching only, research and 
teaching, and research intensive). For research-intensive campuses, 
the highest priorities were candidates demonstrating the capability 
for feasible and independent research, the ability to communicate 
that research, a strong publication record, strong research vision 
and strategy, and a funding plan. All types of institutions also highly 
valued collegiality and fit, defined as research and teaching cont.> 
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experience that matches the institution’s mission, 
meets departmental needs, and brings the 
potential to collaborate. The research 
group has published a series of videos 
on how applicants can best use the 
rubric (https://career.ucsf.edu/ 
phds/academic/acra). 

Another study, led by cell 
biologist Amanda Haage 
at the University of 
North Dakota in Grand 
Forks and colleagues, 
surveyed a cohort of 
317 job candidates 
who largely applied 
to academic 
positions in North 
America during the 
2018-2019 cycle (7). 
These applicants 
submitted a median 
of 15 applications 
and spent a median 
of 4 years in their 
postdoctoral positions. 
The applicants had a 
median six first-author 
publications, with a median 
of 245 citations. 

Fifty-eight percent of those 
surveyed got at least one offer at the 
end of their job search. Haage’s group is 
also surveying candidates during the 2019- 

2020 academic job search season, and encourages 
postdoctoral researchers who applied for academic group leader 
positions in North America to participate (https://und.qualtrics.com/ 
jfe/form/SV_9nlisIIMqqrYITL). 

Because research track records were similar among candidates who 
got interviews, many candidates feel their offers came down to their 
ability to showcase key soft skills, such as communication skills and 
problem-solving, on their applications and during interviews. Luckily, 
even a postdoc who finds herself in a less-than-ideal situation can find 
ways to hone those transferable skills that search committees crave. 


When to jump 

Thinking about taking the plunge into the job market should 
start on day one of a postdoctoral position, says Dara Wilson-Grant, 
associate director of the Office of Postdoctoral Affairs at the University 
of North Carolina at Chapel Hill. “We push the idea at postdoc 
orientation that if you didn’t come in with a career plan, you need to 
develop one now,” she says. 

In North America, the median time in all fields for a postdoc is 4 
years before going on the market, and many universities have followed 
recommendations to limit the postdoc term to around 5 years (7). 
While the data are muddy as to whether postdocs are spending more 
total time as a postdoc (see sidebar), what is clear is that the minimum 
time needed is tightly tied to publishing successfully and developing 
a fundable research plan. Building such a portfolio usually takes a 
minimum of 3 years, applicants say. 


POSTDOCTORAL 
TIME WARP 


Is the time spent as a postdoctoral researcher 
stretching out longer? 


Paula Stephan, who studies the economics of science and has served on 
eight National Academy committees devoted to science workforce issues, says the 
answer is a resounding “yes.” Stephan cites data showing that from 1973 until 1993, 
the percentage of biomedical doctorate holders serving in postdoctoral positions at 3-4 
years post-Ph.D. and 5-6 years post-Ph.D. marched steadily upward. 


“This is a story I’ve been hearing for a really long time,” says Stephan. Around 2017, 
several reports called for a 5-year term limit on postdoctoral positions, and many universities 
adopted it. But, Stephan points out, that doesn’t prevent a significant majority of postdoctoral 
researchers from doing multiple stints, nor does it prevent institutions from giving postdocs 
several different titles that mask their identity. 


The Coalition for Next Generation Life Science database (http://nglscoalition.org/coalition- 
data) was set up for institutions to report their post-Ph.D. and post-postdoctoral track records. 


From the few that have posted data, the picture is sobering. At both the University of 
California, San Francisco and Massachusetts Institute of Technology, the median time spent 
in a postdoctoral position there is roughly 2.5-3 years. 


However, only slightly more than 25% of their graduating postdocs go on to 
an academic tenure-track position. What's more, between 20%-50% of those 
graduating postdocs are moving on to another postdoctoral position (5). 


One thing is crystal clear. Those who succeed at the very stiff odds of 
the academic job search gamble are those who have made the 
most of their 3-5 postdoctoral years, starting on day one. 
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Alison Tebo, a chemical biologist at the Laboratory 
of Biomolecules in Paris, France, started her 
job search in both the United States and 
Europe in her fourth postdoc year, 
before she felt quite ready. She 
forced herself to begin writing 
drafts of her application 
materials and her first 
independent grant 
application, which 
gave her a slow-burn 
process to figure 
out her place in the 
research ecosystem. 
“| just started 
throwing stuff onto 
paper, and that led 
me through the 
process of asking, 
‘What is my identity 
going to beasa 
scientist?” Tebo will 
start as a group leader 
at the Howard Hughes 
Medical Institute’s 
Janelia Research Campus 
in Ashburn, Virginia, in 
September. 
Alexandra Rutz, a biomedical 
engineer postdoc at University 
of Cambridge, United Kingdom, 
followed a similar approach, going on 
the market before publishing the bulk of her 
postdoctoral work—against the advice of some 
peers. But she says it didn’t seem to hurt her prospects, and she 
will start her assistant professor position at Washington University 
in St. Louis in March 2021. “Nobody on the faculty search side once 
mentioned it, so maybe this is a false pressure postdocs are putting on 
ourselves,” she says. 
Applicants say that postdocs should plan for the search process 
to be very time-intensive, at some points all-consuming, and not to 
expect to produce research results at the same time. In addition, the 
process can be expensive when candidates must pay for interview 
travel and expenses up front. These factors may exclude or severely 
limit postdocs with caregiving responsibilities and those who come 
from groups underrepresented in STEM. 


Sharpening skills 

Of course, most candidates say they planned well ahead to gain and 
hone the soft skills they would need to highlight in their applications. 
Juan Pablo Ruiz Villalobos, postdoc at University of Wisconsin- 
Madison and president of the Future of Research advocacy group, 
recommends having a mentoring compact or formal agreement with 
your advisor. “Spend some time thinking about what your needs are” 
and how to get them met during your time as a postdoc, he advises. 

In addition to advisors, postdocs can find other mentors within a 
department or institution or join the National Research Mentoring 
Network (https://nrmnet.net) or take online courses through the 


Postdoc Academy (www.postdocacademy.org). cont.> 


1020 


sciencecareers.org SCIENCE 


alee 


FE WARREN ALPERT 


OUNDATIO. 
3° ANNUAL POSTDOCTORAL FELLOWSHIP AWARD IN NEUROSCIENCE 


We are pleased to announce that the nomination period for the 3rd Annual Warren Alpert Distinguished Scholars Fellowship 
Award is now open. 


The Warren Alpert Distinguished Scholars program will support individual scientists of exceptional creativity who have an MD or 
PhD degree (or both) and who have completed a minimum of three years ofa post-doctoral fellowship by July 1, 2021 in the field of 
neurosciences and hold a post-doctoral research position at a United States medical school, research institute or academic hospital. 


The dean or academic research officer of each medical school, academic hospital or research institute located in the United States is 
invited to nominate one candidate for research in basic or clinical neurosciences. Scholars will be chosen on the basis of the success 
in their prior post-doctoral work as well as in the importance and creativity of their continued work. The Foundation expects to 
make five awards in 2021. 


These awards are given as a transitional post-doctoral award for recipients to enable their advance to a full-time faculty member at 
the Assistant Professor level or higher. The medical school, research institute or academic hospital appointing the scholar will be 
awarded $200,000 annually for two years to cover their salary, lab costs, and related expenses. Under certain circumstances, the 
awardee may transfer funding in year 2 to support their faculty position. Indirect cost of up to 15% of direct costs, may be included 
in the $200,000. All applicants are required to provide 75% effort. 


Please visit our website for full details: www.warrenalpertfoundation.org 


Applications are due by November 1, 2020 
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Wilson-Grant, who spends much of her time doing one-on-one 
career counseling for postdocs, says they should decide on their target 
institutions and research recent hires at those places to see how many 
and what kinds of research publications they had. She also says that 
gaining the soft skills to be a good job candidate does not have to be 
extensive; she suggests taking a workshop to lay some groundwork in 
teaching, then teaching a summer or community college course to get 
hands-on experience. 

To develop leadership skills, she recommends that postdocs join 
a committee of a professional association or scientific society to 
polish their communication, delegation, and conflict management 
skills. Some candidates joined departmental seminar-organizing 
committees, advisory councils of institutes or journals, and conference- 
organizing committees. 

Nancy Schwartz, dean for postdoctoral affairs for the Division of 
Biological Sciences at the University of Chicago, advises postdocs 
to take advantage of all the resources on their campuses, including 
professional development seminars, alumni networks, and one-on-one 
sessions to practice for job interviews and negotiation. 

“A lot of postdocs don't realize that they are doing many PI-like 
activities in the lab” and should explicitly include them on their 
CVs and applications, says Schwartz. Examples include “writing up 
protocols, mentoring graduate students, or maybe their PI went on 
sabbatical and left the postdoc in charge [of lab management],” 
she says. 


Adding sparkle to applications 

When all candidates have similar research productivity, how do 
successful applicants outshine the crowd? Recent job searchers say 
they've demonstrated other key characteristics: commitment to 
diversity, managing and mentoring others, and being savvy in securing 
funding. 

Of the 46 engineering departments where Rutz applied, half asked 
for a diversity statement on the candidate’s commitment to and 
experience with diversity, equity, and inclusion (DEI) efforts. Devang 
Mehta, a plant genomics researcher at the University of Alberta in 
Edmonton, Canada, highlighted an op-ed he’d published on racism in 
science, his participation in a DEI journal club, and his work on the eLife 
Early-Career Advisory Group that looks at DEI issues in publishing. 

Even time that applicants spent working from home during 
the COVID-19 pandemic can be turned into a shining moment of 
management success. “If you were managing a team at home, with 
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school-aged coworkers at your side, you can talk about how you 
reworked schedules to come out of it successfully,” says Tracy Costello, 
owner of Coach4Postdocs.com, a Tampa-based consulting business. 

Rutz highlighted her mentoring of 18 students during her Ph.D. 
work and postdoc, publishing with many of them. This showcased her 
talents as an effective teacher and advisor. 

Search committees also want to see how familiar an applicant is with 
the funding landscape in their field and region or country. If a postdoc 
doesn’t already have their own funding from a career transition grant, 
such as the NIH Pathway to Independence Award (K99/R00), then they 
must find creative ways to show that their research is fundable and that 
they have grant-writing experience. 

Mehta says he purposefully chose to join a relatively new group as 
a postdoc to learn from a mentor who was actively setting up his own 
group. “My Pl was great about involving me in the grant-search and 
grant-writing process,” he says, adding that postdocs should cowrite 
grants with their advisors, being listed as Co-Pls when possible. 

As a postdoc abroad in Europe, Rutz wasn't eligible to apply for 
many U.S.-based career transition awards, so she listed all the grants 
she had cowritten or fully written in the past. 

Jadavji went so far as to write out her first grant’s aims and devised a 
plan for which grant mechanisms she would apply for in her first year. 
“Have that trajectory of how you will fund your research mapped out,” 
she says. 


Cast a wide net 

Jadavji recommends that once a candidate has gotten an interview, 
they should “celebrate—and then get to work.” After all, getting 
offered an interview by phone or video call is a huge success in this 
market—with a median of just one per candidate during the 2018-2019 
cycle. But next comes the serious work of researching departments and 
their faculty members, and preparing for tough interview questions. 

“The number of applications people put in was the most robust 
predictor of how well they did in terms of interviews, which then lead 
to offers,” notes Haage (although that relationship tailed off sharply for 
respondents who filed more than 50 applications). Applicants should 
not be too rigid about the location, size, and focus of institutions 
they consider, and be willing to include undergraduate institutions, 
minority-serving institutions, and other settings. “Great science can 
happen outside of where you think it can.” 
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FACULTY POSITION IN IMMMUNOLOGY 
Department of Microbiology, 
Boston University School of Medicine 


The Department of Microbiology (www.bume.bu.edu/ 
microbiology) invites applications for the position of 
Assistant Professor in Immunology. The successful 
applicant will join a collaborative, vibrant, and growing 
community of researchers in an environment that values 
creativity, collaboration and social and cultural diversity 
of our faculty, staff and students. The successful applicant 
will expand and complement existing departmental 
strengths in virology, host-pathogen interactions, innate 
immunity and inflammation. Applicants should have a 
demonstrated and ongoing record of research excellence 
with a focus that includes basic or translational studies 
on investigating immune responses to human pathogens. 
The Boston University Medical Campus includes a number 
of centers of excellence which offer rich collaborative 
opportunities, including the Immunology Training 
Program, Center for Regenerative Medicine, the Center 
for Network Systems Biology, and the National Emerging 
Infectious Diseases Laboratories, and supports state-of- 
the-art core facilities. The successful candidate is expected 
to oversee a vigorous, innovative, and extramurally funded 
research program, to participate in the teaching and training 
of graduate students and post-doctoral fellows, and support 
our institutional commitment to ensure BU is inclusive, 
equitable, diverse and a place where all constituents 


can thrive. 


To be considered, please submit a curriculum vitae, a 
summary of research accomplishments, a description 
of future research plans, and the names of at least 3 
references to Ms. Kathleen Marinelli (kfurness@bu.edu). 
Applications will be considered as they are received, with 
the positions to be filled after September 1, 2020. 


Boston University School of Medicine is an equal 
opportunity/affirmative action employer, committed to 
building and maintaining robust diversity within all 
components of its community, and strongly welcomes 
applications from women, persons with disabilities, 
protected veterans, and under-represented minorities. 
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Virginia Tech (https://vt.edu/) is recruiting to fill up to three tenure track/tenured open 
rank faculty positions in cardiovascular sciences. The newly recruited faculty members 
will be part of a major initiative to expand the existing cardiovascular biomedical 
research team at the Fralin Biomedical Research Institute (FBRI) at Virginia Tech 
Carilion (https://research.vtc.vt.edu/) located on the Health Sciences and Technology 
campus in Roanoke, Virginia. 


The research institute, led by Dr. Michael J. Friedlander and located in a 100,000 square 
foot purpose designed facility is entering its tenth year with 33 research teams, 350 
employees and students with over $125M in extramural research funding. A new 140,000 
SF research building representing a $90M investment from the state, Virginia Tech 
and Carilion Clinic and major additional investments from the university including a 
transformative $50M gift to the research institute, opened in July,2020. The new building 
houses state of the art labs and core facilities including those for in vitro, laboratory animal 
model, human subject and computational based research programs, a high field (9.4T) 
MRI, micro PET, surgical research suites, metabolic chambers, scanning block face EM, 
full molecular biology, cellular imaging, histology, data analytics and research participant 
monitoring core facilities. Recruitment of outstanding faculty in cardiovascular sciences 
will build on existing research strengths in cardiomyocyte coupling, drug development, 
sudden cardiac death, arrhythmogenesis and vascular remodeling and regulation. Faculty 
will be embedded in a transdisciplinary research environment that will include additional 
new teams of investigators focused on metabolism and obesity, infectious disease/ 
immunology, neuroscience and body-device interfaces and comparative oncology. 


Applicants for all positions should have an earned doctorate (PhD, MD, DVM or 
combined degrees), postdoctoral research experience in cardiovascular science, a 
demonstrated record of accomplishment of substantial research productivity through 
major publications and either active major extramural funding (preferably from NIH) 
or strong evidence of the likelihood of obtaining such funding in the near term. The 
new faculty will join the FRBRI’s highly successful and nationally regarded Center for 
Heart and Reparative Medicine Research (CHRMR) led by Dr. Robert Gourdie (https:// 
research.vtc.vt.edu/heart_center/). Collaborations will be encouraged to collaborate 
within CHRMR, with the other groups at the FBRI and across Virginia Tech and with 
clinical colleagues at the adjacent Carilion Clinic, including the division of cardiology 
under the direction of Dr. David Sane. 


Successful candidates will be expected to establish and maintain a high quality, 
extramurally funded research program and participate in teaching and mentoring of 
graduate students as well as research project mentoring of undergraduate and medical 
students. Highly competitive salary, space, and startup packages will be provided. 


Faculty members can draw from an outstanding and diverse pool of students to 
work with them in their research program. Specifically, Virginia Tech has over 6,000 
graduate students with graduate programs in multiple biomedical disciplines including 
Translational Biology, Medicine, and Heath (http://www.tbmh.vt.edu), Molecular and 
Cellular Biology (https://www.mcb.vt.edu), Biological Sciences (https://www.biol. 
vt.edu/), Biomedical Engineering and Mechanics (https://beam.vt.edu/graduate.html) 
and Biomedical Sciences and Pathobiology (https://www.vetmed.vt.edu/academics/ 
bmvys/). In addition, the Virginia Tech Carilion School of Medicine (https://medicine. 
vtc.vt.edu/) is one of the nation’s most research intensive allopathic medical schools 
where every medical student carries out a four year hypothesis driven research project 
under faculty mentorship. 


The FBRI at VTC is located in Roanoke, Virginia and is a public private partnership 
between the Commonwealth of Virginia’s leading research intensive university, Virginia 
Tech and a major health care system Carilion Clinic in Roanoke, VA. The research 
institute is located in the picturesque Roanoke Valley midway between Washington, DC 
and Charlotte, NC. 


Required qualifications: Applicants for all positions should have an earned doctorate (PhD, 
MD, DVM or combined degrees), postdoctoral research experience in cardiovascular 
science, a demonstrated record of accomplishment of substantial research productivity 
through major publications and either active major extramural funding (preferably from 
NIH) or strong evidence of the likelihood of obtaining such funding in the near term. 


To apply, please visit http://careers.pageuppeople.com/968/cw/en-us/job/511099/ 
cardiovascular-sciences-faculty 


Virginia Tech is an Equal Opportunity Employer. 
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Choose your adviser wisely 


he clock read 11 p.m. and I was still in the lab, staring at my poster abstract for what felt 
like the millionth time. I couldn’t focus. But going home wasn’t an option. My adviser had 
required me, and the rest of my labmates, to stay in the lab until she had time to read all of our 
abstracts. The submission deadline wasn’t for a few days, but she had decided she wanted to 
meet early with each of us to discuss the single-paragraph descriptions of our work. We waited 
dutifully as each lab member took their turn. None of us dared to leave—or to challenge our 


boss. I didn’t get home until 1:30 a.m. 


It was one more reminder that 
I should have been more care- 
ful when selecting a graduate ad- 
viser. Unfortunately, I was foolish 
enough not to give mentoring style 
a second thought. I was simply 
happy to have received an offer. 

Part of the problem was that I 
had limited options. I had moved 
to the United States with my hus- 
band, who had a good job in a 
particular city. It had only one 
university, with only one depart- 
ment that really interested me. So 
I started to volunteer in a research 
lab there. 

I was a regular attendee at de- 
partmental seminars, and that’s 
where I met my future adviser. 
After she presented a seminar, I 
approached her and we set up a 
time to chat. We had a productive discussion about her 
research. Later, I went to dinner with her lab group. 

I didn’t pick up any signs of trouble, although one per- 
son who worked in a lab that shared space with hers did 
tell me about coming across one of her lab members cry- 
ing in the breakroom. Naively, I ignored that warning sign. 
Within a few weeks, the faculty member offered me a po- 
sition in her lab as a master’s student. The opportunity 
seemed too good to pass up. I hoped it would work out. 

It wasn’t long before reality set in. Group meetings 
were dreadful. Our adviser was often angry and verbally 
abusive. She persistently micromanaged her lab mem- 
bers and pitted us against one another. Once, she sent an 
irate email on a federal holiday, asking us why we weren’t 
working. “The only lab that is empty is ours,’ she wrote. 
“How is this possible? Don’t you have experiments or data 
to analyze?” 

The situation wore me down, and I lost motivation to 
do my work. I wondered whether I should quit, but as 
an international student, I felt trapped. If I dropped out 
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“The last thing you want is 
an adviser who brings you down.” 


of my program, I’d not only be out 
of a job, but I’d also lose my stu- 
dent visa status. So I stuck it out 
and waited for the right moment 
to jump ship. 

I applied to upgrade from the 
master’s program to the Ph.D. pro- 
gram. That option wasn’t available 
until ’d completed 1 year of gradu- 
ate school, but it ultimately gave 
me a ticket out of her lab. 

As I looked for a new adviser, I 
was careful not to repeat the mis- 
takes I had made in the past. I 
approached another faculty mem- 
ber whose research interested me. 
But when I visited his lab, I paid 
attention to how he interacted 
with others, and I spoke with people 
who worked with him, specifically 
asking about his mentoring style. I 
was amazed how friendly everyone was. His students had 
great regard for him, and I immediately sensed that his 
lab was an environment where I could thrive. 

He took me on as a Ph.D. student, rescuing me from the 
misery I’d felt in graduate school up to that point. In my 
new lab, I arrived eager to work each day, and I didn’t go 
home mentally exhausted by interpersonal disputes. That 
helped me be much more determined and efficient with 
my work. 

Grad school is a tough, long road that requires patience 
and perseverance. Finding a lab that is a good match for 
you is critical. I encourage prospective students to learn 
from my mistakes and to do your due diligence before 
joining a lab. Ask a lot of questions and seek a lot of 
diverse opinions—because the last thing you want is an 
adviser who brings you down. 
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Akshata Naik is a postdoc at Wayne State University in Detroit, 
Michigan. Do you have an interesting career story to share? 
Send it to SciCareerEditor@aaas.org. 
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